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CHAPTER I 
INTRODUCTION 
O b j e c t i v e , Scope and L i m i t a t i o n s 
This s tudy a t tempts a more r e a l i s t i c c o n c e p t u a l i z a t i o n and 
trea tment of the l i n e b a l a n c i n g problem wi th p a r a l l e l i n g than has been 
p r e v i o u s l y undertaken . An e x t e n s i v e s e a r c h of the l i t e r a t u r e r e v e a l e d 
t h a t l i n e b a l a n c i n g w i th p a r a l l e l i n g has been t r e a t e d by very few 
a u t h o r s . Their approaches have been s e v e r e l y l i m i t e d by s i m p l i f i c a ­
t i o n s of the problem s t a t e m e n t . The t h r u s t of t h i s r e s e a r c h was to 
d e v e l o p an improved c o n c e p t u a l i z a t i o n of p a r a l l e l i n g , i n c l u d i n g the c o s t 
t r a d e - o f f s i n v o l v e d , and the development of a method of l i n e b a l a n c i n g 
w i t h p a r a l l e l i n g t h a t would i n c o r p o r a t e the r e s u l t s of the f i n d i n g s . 
C e r t a i n l i m i t a t i o n s were n e c e s s a r y , however , due to t h e com­
p l e x i t y of the problem. One such l i m i t a t i o n r e l a t e s t o the way the 
p a r a l l e l i n g o p t i o n s are c a t e g o r i z e d i n Chapter I I I . P a r a l l e l i n g i s d e ­
f i n e d i n a broad s e n s e t o be the d u p l i c a t i o n of any p r o d u c t i o n f a c i l i t y . 
By d u p l i c a t i n g p r o d u c t i o n f a c i l i t i e s , the i d l e t ime of the workers i n 
the l i n e can be reduced as w i l l be i l l u s t r a t e d l a t e r i n t h i s c h a p t e r . 
The number of p a r a l l e l i n g p o s s i b i l i t i e s i n a r e a l i s t i c problem, however, 
can be e x t r e m e l y l a r g e . T h e r e f o r e , a c a t e g o r i z a t i o n of "lower c o s t " 
p a r a l l e l i n g o p t i o n s i s made, which may e x c l u d e some p a r a l l e l i n g o p t i o n s 
worthy of c o n s i d e r a t i o n i n very s p e c i a l c a s e s . 
Another l i m i t a t i o n i s t h a t the method deve loped i n Chapter V f o r 
l i n e b a l a n c i n g w i t h p a r a l l e l i n g does not c o n s i d e r p o s s i b i l i t i e s , such 
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as o v e r t i m e or the s h a r i n g of f a c i l i t i e s by more than one worker . For 
a g i v e n c y c l e t i m e , the method p r o v i d e s a b a l a n c e a l l o w i n g f o r p a r a l l e l ­
ing w i t h the o b j e c t i v e of min imiz ing c o s t s , g i v e n a maximum a l l o w a b l e 
number of s t a t i o n s (or maximum a l l o w a b l e i d l e t i m e ) . I t i s u s e f u l t o 
have such a b a l a n c e i n order to compare w i t h o t h e r b a l a n c e s obta ined 
u s i n g c o n v e n t i o n a l methods . Such a b a l a n c e cou ld a l s o be improved u s i n g 
e m p i r i c a l a p p r o a c h e s , as i s f r e q u e n t l y done w i t h b a l a n c e s o b t a i n e d u s i n g 
c o n v e n t i o n a l methods . 
A c r i t i c a l s t e p toward the o b j e c t i v e of t h i s r e s e a r c h was the 
development of methods f o r c o s t comparisons between o p t i o n s which i n ­
v o l v e p a r a l l e l i n g . The approach taken i s t o c o n s i d e r at each i t e r a t i o n 
of t h e b a l a n c i n g procedure only t h o s e o p t i o n s which "pass" a s t a t e d 
c r i t e r i o n of i d l e t ime and have a minimum number of s t a t i o n s i n v o l v e d 
i n t h e r e s u l t i n g " p a r a l l e l i n g c o m p l i c a t i o n s . " I f more than one such 
o p t i o n r e s u l t s from t h e s e i n i t i a l c r i t e r i a , d i f f e r e n t approaches for 
c o s t comparison between o p t i o n s are r e q u i r e d , one or more of which 
would be used t o make a f i n a l s e l e c t i o n . 
Any method of l i n e b a l a n c i n g w i t h p a r a l l e l i n g i s l i k e l y to be 
more s u i t e d f o r a p p l i c a t i o n t o manual f l o w , unpaced l i n e s because of 
the fewer c o m p l i c a t i o n s t h a t may a r i s e as compared w i t h the c a s e of 
m e c h a n i c a l l y paced l i n e s . F u r t h e r , p a r a l l e l i n g t ends t o c o m p l i c a t e 
the m a t e r i a l f low through t h e l i n e w i t h i n c r e a s e d b u f f e r s t o c k s b e ­
coming a n e c e s s i t y i n some c a s e s . I t was i n the c o n t e x t of manual 
f l o w , unpaced l i n e s t h a t t h i s s tudy was performed. 
This s tudy i s l i m i t e d t o s i n g l e model , d e t e r m i n i s t i c l i n e 
b a l a n c i n g . S i n g l e model , s t o c h a s t i c l i n e b a l a n c i n g has been approached 
3 
by s e v e r a l a u t h o r s , among them Moodie and Young and Freeman . The 
l a t t e r a l l o w e d for p a r a l l e l s t a t i o n s i n h i s method. In the c o n t e x t of 
t h i s s t u d y , w i t h t h e c o m p l e x i t i e s a r i s i n g from a broader d e f i n i t i o n of 
p a r a l l e l i n g , s t o c h a s t i c b a l a n c i n g w i t h p a r a l l e l i n g seems u n j u s t i f i e d 
at t h i s s t a g e of deve lopment . 
F i n a l l y , no c l a i m for o p t i m a l i t y i s made for the b a l a n c e s o b ­
t a i n e d w i t h the method deve loped i n Chapter V. At any i t e r a t i o n , the 
l i s t of t a s k s a v a i l a b l e f o r ass ignment i s based upon K i l b r i d g e and 
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W e s t e r ' s h e u r i s t i c r u l e of columns . This method i s t h e r e f o r e l a b e l l e d 
" h e u r i s t i c , " as i t does not s e a r c h f o r opt imal s o l u t i o n s , but for 
good b a l a n c e s a t low c o s t . 
In summary, the o b j e c t i v e of t h i s r e s e a r c h was to deve lop a 
method f o r the i n c l u s i o n of c o s t c r i t e r i a i n the h e u r i s t i c s o l u t i o n of 
l i n e b a l a n c i n g problems w i t h p a r a l l e l i n g . In order to reach t h a t ob­
j e c t i v e i t was n e c e s s a r y t o : 
1. Develop a c o n c e p t u a l f o u n d a t i o n of p a r a l l e l i n g , i t s p o t e n ­
t i a l a p p l i c a t i o n s , a d v a n t a g e s , and c o m p l e x i t i e s . 
2 . Develop methods f o r comparing c o s t s among d i f f e r e n t o p t i o n s 
i n v o l v i n g p a r a l l e l i n g . 
3. Develop a h e u r i s t i c method for l i n e b a l a n c i n g wi th p a r a l l e l ­
i n g i n c o r p o r a t i n g the c o n c e p t s and methods from s t e p s 1 
and 2 . 
Line B a l a n c i n g 
The l i n e b a l a n c i n g problem may be s t a t e d as f o l l o w s . Given: 
1. The manufactur ing method. 
2 . The s u b d i v i s i o n of the t o t a l work r e q u i r e d t o be performed 
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on any u n i t i n t o t a s k s w i t h c o n s t a n t t i m e s . 
3 . A s e t of precedence r e s t r i c t i o n s f o r the t a s k s c o n s i d e r e d . 
4 . Other r e s t r i c t i o n s r e l a t i v e to the s p e c i f i c s i t u a t i o n 
( e . g . , z o n i n g , p o s i t i o n i n g ) . 
5 . A d e s i r e d output per u n i t t i m e . 
de termine how the t a s k s should be a s s i g n e d to workers and f a c i l i t i e s 
which c o n s t i t u t e t h e l i n e . 
The problem has been r e c o g n i z e d as complex by many r e s e a r c h e r s . 
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In 1955 S a l v e s o n p i o n e e r e d a t t e m p t s t o deve lop a procedure f o r s o l v i n g 
the problem. Many o t h e r procedures have been deve loped s i n c e t h e n , most 
of them w i t h a c l e a r i n f l u e n c e of S a l v e s o n 1 s f o r m u l a t i o n . As a r e s u l t 
the " c l a s s i c a l d e t e r m i n i s t i c l i n e b a l a n c i n g problem" (CDLBP) has been 
used as a framework for most p r o c e d u r e s . 
The CDBLP as p r e s e n t e d by Freeman^ i s , "Given: 
1 . A d e s i r e d c y c l e t ime ( I n v e r s e of the p r o d u c t i o n r a t e ) . 
2 . Work e l e m e n t s w i t h c o n s t a n t t i m e s . 
3 . Precedence c o n s t r a i n t s . 
R e s t r i c t i o n s : 
1 . Each work e lement i s a s s i g n e d t o a s i n g l e work s t a t i o n . 
2 . The precedence c o n s t r a i n t s are s a t i s f i e d . 
3 . The d e s i r e d c y c l e t ime i s not exceeded i n any s t a t i o n . 
O b j e c t i v e : To f i n d an ass ignment of work e l e m e n t s t o work s t a t i o n s 
t h a t min imizes the i d l e t ime" . 
Assuming one-worker s t a t i o n s , the above i s e q u i v a l e n t t o : 
1 . I f the number of s t a t i o n s i s f i x e d , minimize the c y c l e t ime 
s u b j e c t to the r e s t r i c t i o n s , or 
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2 . I f t h e c y c l e t ime i s f i x e d , minimize the number of s t a t i o n s 
f o r t h a t c y c l e t ime s u b j e c t to the r e s t r i c t i o n s . 
S a l v e s o n ' s f o r m u l a t i o n was based on c e r t a i n s i m p l i f y i n g assumpt ions 
as he makes c l e a r i n h i s a r t i c l e . One of h i s assumpt ions t h a t r e l a t e s 
t o p a r a l l e l i n g ^ : 
I f any a . > c , i t would be n e c e s s a r y e i t h e r t o use two or more l i n e s 
or two or more o p e r a t o r s for t h a t t a s k . The l a t t e r o f t e n i s un­
a c c e p t a b l e ( a t l e a s t i n t h i s s tudy) because of o p e r a t o r t r a i n i n g , 
s u p e r v i s i o n and o ther r e l a t e d d i f f i c u l t i e s . 
Here a^ i s the t ime of t a s k i and c i s the c y c l e t i m e . (The author of 
t h i s t h e s i s found S a l v e s o n ' s d e s c r i p t i o n of t h e problem very i n s t r u c ­
t i v e . ) 
The d i f f e r e n t t y p e s of methods t h a t have been deve loped t o d e a l 
w i t h the l i n e b a l a n c i n g problem a r e : 
1 . A n a l y t i c a l methods t h a t at tempt t o f i n d the "optimum 
b a l a n c e . " Some of the authors t h a t have s u g g e s t e d such 
7 8 methods , are Jackson i n 1 9 5 6 , ; He ld , Karp and Shares ian 
9 10 i n 1963; K l e i n i n 1963; and Gutjahr and Nemhauser i n 
1964 . 
2 . H e u r i s t i c methods t r a d i n g o p t i m a l i t y f o r s o l u t i o n speed and 
e f f i c i e n c y . Some a u t h o r s i n c l u d e K i l b r i d g e and Wester"^ 
12 13 i n 1961 ; Helgeson and B i r n i e i n 1961; Arcus i n 1963; 
Hoffman"^ i n 1963; Mansoor"'""* i n 1964; and Moodie and Young"^ 
i n 1965 . 
3 . E m p i r i c a l methods s u g g e s t e d by some authors aiming to im­
prove a b a l a n c e ob ta ined p r e v i o u s l y i n a s y s t e m a t i c way by 
m a n i p u l a t i n g the e l ement s i n an i n t u i t i v e way. Among t h e s e 
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authors are Sawyer i n 1970; and M a r i o t t i i n 1970. 
While m a i n t a i n i n g the o b j e c t i v e of min imiz ing t h e i d l e t i m e , 
most of t h e s e methods have made c o n t r i b u t i o n s by r e l a x i n g i n some way 
the r e s t r i c t i v e a s s u m p t i o n s , or by p r o v i d i n g e a s i e r or f a s t e r methods 
t o o b t a i n a b a l a n c e . 
Line Types 
A f low l i n e i s a p r o d u c t i o n sys tem i n which a l a r g e q u a n t i t y of 
d i s c r e t e i t ems are produced by performing a sequence of o p e r a t i o n s on 
them a s they pass through a s e r i e s of p r o d u c t i o n f a c i l i t i e s . 
In p r i n c i p l e , i t i s i n t e n d e d for the m a t e r i a l i n a f low l i n e t o 
f low r e g u l a r l y w i t h a tendency t o minimize the amount of m a t e r i a l i n 
p r o g r e s s . The f low p a t t e r n i s a l s o in tended t o be e f f i c i e n t w i t h the 
m a t e r i a l moving over minimum d i s t a n c e s . The p r i n c i p l e of d i v i s i o n of 
l abor i s a l s o an important c h a r a c t e r i s t i c of f low l i n e p r o d u c t i o n . 
An assembly l i n e i s a f low l i n e i n which assembly o p e r a t i o n s are 
b e i n g performed. However, o t h e r o p e r a t i o n s , such as c u t t i n g , d r i l l i n g , 
b e n d i n g , e t c . , may a l s o be performed i n an assembly l i n e . 
By model f l e x i b i l i t y , assembly l i n e s may be c l a s s i f i e d a s : 
1 . S i n g l e model l i n e s - t h o s e devoted t o the p r o d u c t i o n of a 
s i n g l e model or i t e m . 
2 . Mul t i -mode l l i n e s - t h o s e on which two or more s i m i l a r t y p e s 
of i t ems are produced s e p a r a t e l y i n b a t c h e s . 
3 . Mixed model l i n e s - t h o s e on which two or more s i m i l a r 
i t ems are produced s i m u l t a n e o u s l y . 
By pace f l e x i b i l i t y , assembly l i n e s may be c l a s s i f i e d a s : 
7 
1. Paced l i n e s - t h o s e i n which t h e o p e r a t o r ' s c y c l e t ime i s 
c o n s t r a i n e d , u s u a l l y by p a r t s b e i n g fed t o him by a conveyor . 
The most common type of pac ing i n assembly l i n e s i s pac ing 
19 
w i t h margin , where t h e e f f e c t i s t h a t the opera tor i s con­
s t r a i n e d to complete h i s t a s k s on average w i t h i n a c e r t a i n 
t ime p e r i o d . 
2 . Unpaced l i n e s - t h o s e i n which the opera tor i s f r e e of any 
m e c h a n i c a l l y - i m p o s e d pace or o t h e r c o n s t r a i n t on t h e t ime 
the worker may a l l o c a t e t o h i s t a s k ( s ) on i n d i v i d u a l i t e m s . 
In an unpaced l i n e an opera tor takes the n e c e s s a r y time to 
complete any i t e m b e f o r e p a s s i n g i t t o nex t s t a t i o n , so t h a t 
i n c o m p l e t e i t ems should not be produced. The use of b u f f e r 
s t o c k s of i t ems between s t a t i o n s i s an important f e a t u r e 
of t h e s e l i n e s . 
The c o n c e p t s and methods i n t h i s t h e s i s are deve loped w i t h i n the 
c o n t e x t of s i n g l e model unpaced l i n e s . 
I t i s very important to n o t e t h a t the f o r m u l a t i o n of t h e l i n e 
b a l a n c i n g problem by S a l v e s o n was based upon a paced assembly l i n e as 
A I 2 0 
a model : 
Each assembly opera tor must be a s s i g n e d a number and combina­
t i o n of j o b s ( p a r t s t o as semble ) such t h a t t h e sum of t h e t imes 
r e q u i r e d to carry out h i s a s s i g n e d t a s k s i s e q u a l t o or l e s s than 
t h e c y c l e t i m e . I f h i s a s s i g n e d work r e q u i r e s an amount g r e a t e r 
than the c y c l e t i m e , he w i l l no t be a b l e o b v i o u s l y t o perform 
a l l of h i s t a s k s or he w i l l be unable t o m a i n t a i n h i s p o s i t i o n 
on the l i n e and w i l l have to f a l l beh ind . 
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Further i n the same r e f e r e n c e : 
Because t h e conveyor u s u a l l y moves a t a uniform speed t h e r e i s 
o r d i n a r i l y no o p p o r t u n i t y to s t o r e t h e commodit ies between s t a ­
t i o n s f o r a l l o w i n g d i f f e r e n t c y c l e t i m e s a t d i f f e r e n t s t a t i o n s . 
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Hence t h e a s s e m b l y - l i n e b a l a n c i n g problem i s t o s e l e c t a permuta­
t i o n of t h e t a s k s i n t o an assembly sequence and a combinat ion of 
t h e t a s k s i n t o " s t a t i o n s " such t h a t a) The s e l e c t e d combinat ions 
of t a s k s s a t i s f y t h e t e c h n o l o g i c a l precedence r e l a t i o n s h i p s b e ­
tween t h e t a s k s , b) The sum of t a s k performance t imes a s s i g n e d 
t o every s t a t i o n i s equa l to or l e s s than c y c l e t i m e , and c) The 
sum of the i d l e t imes over a l l s t a t i o n s i s minimum. 
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E i g h t e e n y e a r s l a t e r Buxey w r o t e : 
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. . . . a survey by Lehman r e v e a l e d t h a t 40 p e r c e n t of t h e U . S . 
companies ba lanced t h e i r l i n e s by t r i a l and e r r o r . . . . and c o n ­
t i n u e s one paragraph b e l o w ^ : 
Lehman's survey probably i n d i c a t e s a c o r r e l a t i o n between the 
l ack of g e n e r a l a p p l i c a t i o n of c u r r e n t t e c h n i q u e s and t h e i r un-
s u i t a b i l i t y f o r many unpaced l i n e s . . . . 
P a r a l l e l i n g 
P a r a l l e l i n g i n assembly l i n e b a l a n c i n g i n v o l v e s t h e ass ignment of 
i n d i v i d u a l t a s k s to more than one work s t a t i o n , s o t h a t each s t a t i o n p e r ­
forms t h o s e t a s k s on on ly a f r a c t i o n of the u n i t s produced. Many authors 
equate t h e term " p a r a l l e l i n g " w i t h " p a r a l l e l i n g of a s t a t i o n , " which 
i n v o l v e s performing the same t a s k s i n a l l of two or more " p a r a l l e l s t a ­
t i o n s . " This s tudy i s not r e s t r i c t e d t o t h a t s p e c i a l form of p a r a l l e l ­
i n g . 
The p a r a l l e l i n g concept o r i g i n a t e s from r e l a x i n g t h e assumption t h a t 
every t a s k i s performed i n on ly one s t a t i o n . One r e a s o n for p a r a l l e l i n g 
would be to improve the b a l a n c e e f f i c i e n c y f o r a g i v e n c y c l e t ime by 
r e d u c i n g the i d l e t ime and t h e r e f o r e reduc ing the number of work s t a ­
t i o n s r e q u i r e d . (One-man work s t a t i o n s w i l l be assumed through the 
development of t h i s t h e s i s ) . Another reason f o r p a r a l l e l i n g may be the 
e x i s t e n c e of t a s k s l o n g e r than the d e s i r e d c y c l e t i m e . The main d i s ­
advantage of p a r a l l e l i n g i s t h a t i t c r e a t e s c o m p l i c a t i o n s t o the " i d e a l " 
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of f low l i n e p r o d u c t i o n . Because of p a r a l l e l i n g , the f low of m a t e r i a l 
i s more complex than a s t r a i g h t l i n e , and the amount of work i n p r o g r e s s 
may i n c r e a s e . Layout d i f f i c u l t i e s may a r i s e . Workers may be r e q u i r e d 
t o perform more d i f f e r e n t t a s k s , which i s not d e s i r a b l e from the p e r s ­
p e c t i v e of d i v i s i o n of l a b o r . Another d i s a d v a n t a g e i s t h a t p a r a l l e l i n g 
i n v o l v e s e x t r a c o s t s of i n v e s t m e n t , o p e r a t i o n and maintenance of p r o ­
d u c t i o n f a c i l i t i e s . 
An example i s p r e s e n t e d t o i l l u s t r a t e the concept of p a r a l l e l ­
i n g : 
F igure 1. P a r a l l e l i n g , An Example. 
I f the d e s i r e d c y c l e t ime i s 20 and no p a r a l l e l i n g i s a l l o w e d , 
the minimum-stat ion b a l a n c e s i n v o l v e four s t a t i o n s . One such s o l u t i o n 
i s : 
S t a t i o n 1 
S t a t i o n 2 
S t a t i o n 3 
S t a t i o n 4 
A 
B,E 
D,C,F 
G 
I d l e t ime = 6 
I d l e t ime = 0 
I d l e t ime = 2 
I d l e t ime = 14 
I f p a r a l l e l i n g of t a s k B i s allowed a t h r e e - s t a t i o n s o l u t i o n can 
be found: 
S t a t i o n 1: A,B on 1/2 of the u n i t s I d l e t ime = 1 
S t a t i o n 2: B on 1/2 of the u n i t s , C,D I d l e t ime = 1 
S t a t i o n 3 : E,F,G I d l e t ime = 0 
And w i t h p a r a l l e l i n g of t a s k s A,B,C and D: 
S t a t i o n 1: A,B,C,D ( a l l on 1/2 of the u n i t s ) I d l e t ime = 1 
S t a t i o n 2: Same as S t a t i o n 1 I d l e t ime = 1 
S t a t i o n 3 : E,F,G I d l e t ime = 0 
The q u e s t i o n s remaining a r e : 
1 . How can such p a r a l l e l i n g s o l u t i o n s be found? 
2 . I s i t wor thwhi l e t o p a r a l l e l i n order t o reduce the number 
of s t a t i o n s i n the l i n e ? 
In summary, a r e d e f i n i t i o n of the assembly l i n e b a l a n c i n g 
problem i s n e c e s s a r y . This s tudy o f f e r s a r e d e f i n i t i o n which i n c l u d e s 
e x p l i c i t r e c o g n i t i o n of p a r a l l e l i n g o p t i o n s and c o s t t r a d e - o f f s i n ­
v o l v e d . 
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CHAPTER I I 
REVIEW OF THE LITERATURE 
The f i r s t procedure for s o l v i n g t h e l i n e b a l a n c i n g problem was 
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d e v e l o p e d by S a l v e s o n i n 1955 . Of more t ranscendency was h i s d e f i n i ­
t i o n of the l i n e b a l a n c i n g problem wi th i t s r e s t r i c t i v e a s s u m p t i o n s . 
His procedure i s b u i l t on h i s d e f i n i t i o n and a s s u m p t i o n s . 
Many o t h e r authors f o l l o w e d w i t h procedures b u i l t on S a l v e s o n ' s 
d e s c r i p t i o n of the problem. S a l v e s o n ' s main assumptions were: 
1 . A known demand, 
2 . Determined and i n a l t e r a b l e t e c h n o l o g y and p r o d u c t i o n method, 
and 
3 . D e t e r m i n i s t i c work s t a n d a r d s . 
S a l v e s o n d e f i n e d the assembly l i n e b a l a n c i n g problem as the 
s e l e c t i o n of a permutat ion of the t a s k s i n t o an assembly sequence and 
a combinat ion of t h e t a s k s i n t o s t a t i o n s (he assumes one-man s t a t i o n s ) 
such t h a t : 
1 . The s e l e c t e d combinat ions of t a s k s s a t i s f y the t e c h n o l o g i c a l 
precedence r e l a t i o n s h i p s between the t a s k s , 
2 . The sum of the ta sk performance t imes a s s i g n e d to every 
s t a t i o n i s equa l t o or l e s s than t h e c y c l e t i m e , and 
3 . The sum of the i d l e t imes over a l l s t a t i o n s i s minimum. 
S a l v e s o n ment ions some r e f i n e m e n t s t h a t were not i n c o r p o r a t e d i n 
h i s procedure : 
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1 . The p o s s i b i l i t y t h a t t a s k performance t imes are non-commuta­
t i v e , and 
2 . The a l t e r n a t i v e o b j e c t i v e of min imiz ing wages paid i n s t e a d 
of i d l e t i m e . 
S a l v e s o n u t i l i z e d a model of m e c h a n i c a l l y paced assembly l i n e s 
to d e f i n e h i s assembly l i n e b a l a n c i n g problem. I t i s w i t h i n t h i s con­
t e x t t h a t he e s t a b l i s h e s t h e c o n s t r a i n t t h a t each s t a t i o n be a s s i g n e d 
a combinat ion of t a s k s such t h a t t h e sum of t h e i r t imes i s e q u a l t o or 
l e s s than t h e c y c l e t i m e . 
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K i l b r i d g e and Wester i n 1961 proposed a manual h e u r i s t i c method 
w i t h the advantage of s i m p l i c i t y . The main f e a t u r e of t h i s t e c h n i q u e 
i s t h e grouping of t a s k s i n t o "columns" t o guide t h e i r s e l e c t i o n . A 
" f i r s t column number" of a t a s k i d e n t i f i e s i t w i t h the group of t a s k s 
t h a t have the same number of t a s k s i n t h e i r l o n g e s t s e q u e n t i a l cha in of 
p r e c e d i n g t a s k s i n the precedence diagram. A "second column number" i s 
a s s i g n e d to every t a s k . This number i d e n t i f i e s the t a s k w i t h t h e group 
of e l e m e n t s t h a t have t h e same number of f o l l o w e r s i n t h e i r l o n g e s t s e ­
q u e n t i a l cha in of f o l l o w e r t a s k s i n t h e precedence diagram. Each ta sk 
may be t r a n s f e r r e d i n t o subsequent columns w i t h i n i t s range ( f i r s t 
column number, l a s t column number) . I n i t i a l l y each t a s k o c c u p i e s the 
column c o r r e s p o n d i n g t o i t s " f i r s t column number." Tasks are s e l e c t e d 
by t h e i r o r d e r i n g i n columns. 
K i l b r i d g e and Wester s t a t e t h a t judgment and i n t u i t i o n should 
be used i n s e l e c t i n g t a s k s w i t h i n columns and i n t r a n s f e r r i n g t a s k s 
between co lumns . A person who i s b a l a n c i n g t h e l i n e i s expec ted t o 
make unprogrammed judgmenta l d e c i s i o n s . This t e c h n i q u e imposes t h e 
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c o n s t r a i n t t h a t a l l t a s k t imes must be l e s s than or equa l t o the c y c l e 
t i m e . 
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Arcus i n 1963 deve loped a computer ized h e u r i s t i c method based 
on the i d e a of g e n e r a t i n g a l a r g e number of s o l u t i o n s by "b iased" random 
ass ignment of t a s k s to s t a t i o n s . The t a s k s are s e l e c t e d from a f i t l i s t 
c o n s i s t i n g of the t a s k s t h a t are cu rren t c a n d i d a t e s f o r ass ignment t o 
the s t a t i o n under c o n s i d e r a t i o n . Arcus worked i n i t i a l l y w i t h the s i m p l e 
c l a s s i c a l problem. Later he prov ided for a d d i t i o n a l c o n s t r a i n t s and 
v a r i a b l e s : 
1 . Tasks l a r g e r than the c y c l e t i m e , 
2 . Tasks which r e q u i r e two w o r k e r s , 
3 . Tasks f i x e d i n l o c a t i o n , 
4 . Time t o o b t a i n a t o o l , 
5 . Time for t h e worker t o change p o s i t i o n , 
6 . Time to change t h e p o s i t i o n of a u n i t . 
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His o b j e c t i v e was 
. . . t o d e v e l o p an assembly l i n e b a l a n c i n g method which cou ld 
be w i d e l y used i n i n d u s t r y . In a wider s e n s e the o b j e c t i v e i n ­
v o l v e d i d e n t i f y i n g t h e most important of the measurable v a r i a b l e s 
of machine-paced f i x e d - u n i t - i n t e r v a l assembly l i n e s y s t e m s , and 
e s t a b l i s h i n g t h e i n t e r r e l a t i o n s h i p of t h o s e v a r i a b l e s . 
Arcus emphas izes the achievement of minimum i d l e t ime i n l i n e 
b a l a n c i n g . 
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Gutjahr and Nemhauser proposed i n 1964 an a l g o r i t h m based on 
f i n d i n g a s h o r t e s t r o u t e i n a f i n i t e d i r e c t e d network to s o l v e the 
assembly l i n e b a l a n c i n g problem. The authors r e p o r t a c l o s e r e l a t i o n 
between t h e i r a l g o r i t h m and o t h e r a n a l y t i c a l approaches t o the l i n e 
b a l a n c i n g problem which use dynamic programming. 
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In 1967 , Freeman and Jucker d i s c u s s e d a d d i t i o n a l a s p e c t s of the 
problem. They mentioned the f a c t , d i s c u s s e d b e f o r e by o t h e r a u t h o r s , 
t h a t task t imes are a c t u a l l y random v a r i a b l e s . I t was a l s o mentioned 
t h a t no c o n s i d e r a t i o n f o r i n t e r s t a t i o n i n v e n t o r y or for p a r a l l e l s t a ­
t i o n s had been g i v e n by the l i n e b a l a n c i n g a l g o r i t h m s deve loped to d a t e . 
F u r t h e r , the o b j e c t i v e of min imiz ing i d l e t ime i s c r i t i c i z e d as " inade ­
q u a t e , " and the authors propose as a new o b j e c t i v e t h e m i n i m i z a t i o n of 
t o t a l c o s t per u n i t produced. They p o i n t out t h a t when p a r a l l e l i n g of 
s t a t i o n s i s a l l o w e d , the c o s t of d u p l i c a t i n g f a c i l i t i e s has to be taken 
i n t o account when e v a l u a t i n g the a l t e r n a t i v e s . 
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Freeman i n 1967 p r e s e n t s a model i n which the requ ired d e s i g n 
d e c i s i o n s a r e : 
1 . Assignment of e l ements to s t a t i o n s , 
2 . Amount of i n - p r o c e s s i n v e n t o r y to a l l o w between s t a t i o n s , 
3 . Whether or not t o i n c l u d e p a r a l l e l s t a t i o n s i n the c o n ­
f i g u r a t i o n . 
He assumes an o b j e c t i v e f u n c t i o n of the form: 
T o t a l c o s t / u n i t = l a b o r c o s t / u n i t 4- i n v e n t o r y c o s t / u n i t + f a c i l i t y c o s t / 
u n i t + p e n a l t y c o s t / u n i t 
where each term i s a f u n c t i o n of t h e e x p e c t e d t ime between s u c c e s s i v e 
i t ems l e a v i n g the l a s t s t a t i o n of t h e l i n e (assumed to be a random 
v a r i a b l e ) . The p e n a l t y c o s t i s i n c u r r e d when t h e sys tem f a i l s t o meet 
the d e s i r e d output r a t e . He d i s c u s s e s a s o l u t i o n for h i s model . 
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H e s k i a o f f i n 1968 deve loped a h e u r i s t i c method to g e n e r a t e 
a near-optimum b a l a n c e for t e l e p h o n e s e t r e c o n d i t i o n i n g l i n e s . The 
t e c h n i q u e i s based on the p o s i t i o n a l w e i g h t i n g t e c h n i q u e deve loped 
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by Helgeson and B i r n i e and t h e approach of s e l e c t i n g a minimum c y c l e 
t ime for a s p e c i f i e d number of work s t a t i o n s . He c o n s i d e r s improving 
the e f f i c i e n c y of t h e b a l a n c e by a s s i g n i n g two o p e r a t o r s at a work 
. 34 s t a t i o n 
I f two o p e r a t o r s are l o c a t e d a t the same work s t a t i o n , each opera ­
t o r can work on every o t h e r u n i t of p r o d u c t i o n t h a t p a s s e s the s t a ­
t i o n . The s t a t i o n i t s e l f can thus be a s s i g n e d o p e r a t i o n s r e q u i r i n g 
up t o t w i c e t h e normal c y c l e t i m e . 
H e s k i a o f f ' s two m e n - s t a t i o n may be i n t e r p r e t e d as e q u i v a l e n t t o 
a s t a t i o n p a r a l l e l e d o n c e . 
35 
M a r i o t t i i n 1970 showed how b e t t e r b a l a n c e s may be obta ined by 
improving a s y s t e m a t i c a l l y deve loped b a l a n c e u s i n g e m p i r i c a l methods , 
i n c l u d i n g e l ement s h a r i n g , m u l t i p l e s t a t i o n s , and m u l t i p l e l i n e s . 
M a r i o t t i s t r e s s e s the f a c t t h a t by u t i l i z i n g unprogrammed methods , b e t t e r 
s o l u t i o n s may be a c h i e v e d than w i t h the use of a computer t r y i n g t o im­
prove a b a l a n c e . He ment ions t h a t an economic e v a l u a t i o n of a l t e r n a t i v e s 
should be performed b e f o r e a s p e c i f i c c h o i c e i s made. 
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Buxey, S lack and Wild i n 1973 rev iewed the s t a t e of the a r t i n 
f low sys tems d e s i g n . R e f e r r i n g to h e u r i s t i c l i n e b a l a n c i n g methods 
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they s t a t e : 
A d d i t i o n a l c o n s t r a i n t s can be fed i n t o most h e u r i s t i c programs 
i f and when needed , a l t h o u g h i t shou ld be noted t h a t computat ion 
may i n c r e a s e and the q u a l i t y of t h e s o l u t i o n d e c r e a s e . However, 
the most s e r i o u s drawback w i t h a l l the methods i s t h a t they make 
no p r o v i s i o n for more than one o p e r a t o r a t e q u i v a l e n t work s t a t i o n s , 
which i s a common f e a t u r e of many unpaced l i n e s and i s o f t e n v i t a l 
i n i n c r e a s i n g the p r o d u c t i o n r a t e up t o and beyond the l i m i t a t i o n 
of t h e l onger work e l e m e n t s . 
and a l s o : 
P a r a l l e l e d s t a t i o n s are n e c e s s a r y when e lement t imes exceed the 
nominal c y c l e t ime and may on o ther o c c a s i o n s be d e s i r a b l e i n 
order t o a c h i e v e s a t i s f a c t o r y l i n e b a l a n c e . 
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The authors a n a l y z e i n t h e i r a r t i c l e a l l v a r i a b l e s r e l a t e d t o 
l i n e d e s i g n : b u f f e r s t o c k s , d i v i s i o n of l a b o r , p a r a l l e l s t a t i o n s , 
a l l o c a t i o n of workers t o l i n e s , f eed i n t e r v a l , t o l e r a n c e t i m e , and 
o t h e r s . 
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Buxey i n 1974 deve loped two h e u r i s t i c methods of l i n e b a l a n c i n g 
w i t h p a r a l l e l i n g of s t a t i o n s . One of t h e s e methods i s based on the 
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p o s i t i o n a l w e i g h t t e c h n i q u e deve loped by He lgeson and B i r n i e . The 
o ther i s based on Arcus ' random g e n e r a t i o n method. Buxey b e g i n s h i s 
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a r t i c l e by r e f e r r i n g t o Lehman's survey i n which i t was found t h a t 
approx imate ly 40 p e r c e n t of U . S . companies ba lanced t h e i r l i n e s by t r i a l 
and e r r o r methods d e s p i t e t h e c u r r e n t l y a v a i l a b l e t e c h n i q u e s . Buxey 
a t t r i b u t e s t h i s t o the inadequacy of t h e s e t e c h n i q u e s (due t o t h e i r 
u n r e a l i s t i c r e s t r i c t i o n s ) when a p p l i e d t o unpaced l i n e s . Buxey d i s ­
c u s s e s t h e advantages and d i s a d v a n t a g e s of p a r a l l e l s t a t i o n s . As ad­
v a n t a g e s he p o s e s : 
1 . Improvement of b a l a n c e e f f i c i e n c y . 
2 . Cyc le t ime can be made s m a l l e r than the l a r g e s t e l e m e n t . 
3 . Reduced l o s s e s due t o o p e r a t o r ' s v a r i a b i l i t y ( sys tem l o s s ) . 
As d i s a d v a n t a g e s he ment ions the m a t e r i a l f low and l a y o u t d i f f i ­
c u l t i e s . He a l s o emphas izes t h a t t h e number of p a r a l l e l e d s t a t i o n s 
p r o c e s s i n g t h e same s e t of t a s k s should no t be t o o l a r g e , s i n c e the 
c y c l e t ime a t t h e s e s t a t i o n s would become very l o n g , impact ing n e g a ­
t i v e l y the l e a r n i n g c o s t s . For t h i s , he proposes a l i m i t on t h e maxi­
mum number of t a s k s at any s t a t i o n . He d e f i n e s the "maximum m u l t i ­
p l i c i t y " of an e lement as the maximum number of t imes t h a t the e lement 
may be d u p l i c a t e d . This maximum m u l t i p l i c i t y must be h igh enough to 
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make the c y c l e t ime p o s s i b l e . As a consequence , t h e maximum m u l t i ­
p l i c i t y o f an e lement r e s t r i c t s the number of t imes a s t a t i o n c o n t a i n ­
i n g t h a t e lement may be p a r a l l e l e d . He e x p l a i n s i n h i s a r t i c l e the 
o v e r a l l l o g i c of each method. Some of the most common r e s t r i c t i o n s i n 
l i n e b a l a n c i n g are c o n t a i n e d i n h i s computer programs. He does n o t , 
however , c o n s i d e r t h e c o s t of d u p l i c a t i n g f a c i l i t i e s i n p a r a l l e l s t a ­
t i o n s . 
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In 1975 , P i n t o , Dannenbring, and Khumawala approached the 
problem of l i n e b a l a n c i n g w i t h p a r a l l e l i n g of t a s k s a l l owed for c o n ­
t i n u o u s (paced) p r o d u c t i o n l i n e s . The r e l e v a n t c o s t s of p a r a l l e l i n g 
are assumed to be t h o s e of d u p l i c a t i o n of f a c i l i t i e s . They formulate 
t h e a s s e m b l y - l i n e b a l a n c i n g problem w i t h p a r a l l e l i n g as s e l e c t i n g t h e 
t a s k s t o be p a r a l l e l e d so as to minimize the sum of: 
r e g u l a r t ime labor c o s t + d u p l i c a t i o n of f a c i l i t i e s c o s t + 
over t ime c o s t r e q u i r e d f o r meet ing t h e d e s i r e d produc t ion 
r a t e f o r t h e c y c l e t ime for which t h e l i n e i s b e i n g b a l a n c e d . 
A s i m p l i f y i n g assumption i s made l i m i t i n g the number of t imes 
a t a s k can be p a r a l l e l e d to one . I f , for example , a t a s k i s t o be 
p a r a l l e l e d , i t would be performed on h a l f of t h e u n i t s i n each of the 
two s t a t i o n s . 
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P i n t o i n h i s d i s s e r t a t i o n (1975) p r e s e n t s a branch and bound 
a l g o r i t h m f o r the s o l u t i o n of t h e problem of l i n e b a l a n c i n g w i t h 
p a r a l l e l i n g of t a s k s mentioned above . This problem i s formulated as 
a m i x e d - i n t e g e r program. Based on the same o b j e c t i v e f u n c t i o n , P i n t o 
a l s o c o n s i d e r s another problem: l i n e b a l a n c i n g w i t h p a r a l l e l i n g of 
s t a t i o n s , which he a l s o f o r m u l a t e s as a mixed i n t e g e r program. Two 
18 
d i f f e r e n t branch and bound a l g o r i t h m s are d e v e l o p e d , one for each of 
t h e problems . T h e r e f o r e , P i n t o e n l a r g e d the concept of p a r a l l e l i n g by 
a p p l y i n g i t t o s i n g l e t a s k s , as w e l l as t o e n t i r e work s t a t i o n s . He 
deve loped two d i f f e r e n t methods to d e a l w i t h p a r a l l e l i n g : one for 
p a r a l l e l i n g of t a s k s and another f o r p a r a l l e l i n g of s t a t i o n s . P i n t o 
a l s o d e v e l o p e d a h e u r i s t i c procedure t o reduce computat ion t ime w h i l e 
a p p l y i n g h i s branch and bound methods . 
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Wild i n 1975 s u g g e s t e d a procedure for comparing and s e l e c t i n g 
between a l t e r n a t i v e s of mass p r o d u c t i o n sys tems which could be used i n 
a s p e c i f i c s i t u a t i o n . His procedure i n v o l v e s t h r e e s t a g e s : 
1 . The s e l e c t i o n of a l i s t of p o s s i b l e sys tems based on c o n s i d e r ­
a t i o n s of f e a s i b i l i t y , 
2 . The a p p r a i s a l o f such sys t ems i n terms of c e r t a i n q u a n t i f i ­
a b l e f a c t o r s , and 
3 . The f u r t h e r a p p r a i s a l o f sys tems on a b a s i s of the non-
q u a n t i f i a b l e f a c t o r s . 
He c o n c e n t r a t e s on the a n a l y s i s of q u a n t i f i a b l e f a c t o r s . Costs 
and i n e f f i c i e n c i e s i n c u r r e d i n t h e d i f f e r e n t sys tems a r e compared. He 
c o n s i d e r s : 
1 . Learning i n e f f i c i e n c y 
2 . Set up i n e f f i c i e n c y 
3 . Ba lance l o s s i n e f f i c i e n c y 
4 . D i v i s i o n of l abor l o s s i n e f f i c i e n c y 
5 . System l o s s i n e f f i c i e n c y 
6 . Labor r e c r u i t m e n t c o s t 
7. Work i n p r o g r e s s c o s t 
19 
oo Space Cost 
9 . Inventory c o s t 
1 0 . B a l a n c i n g c o s t 
1 1 . M a t e r i a l h a n d l i n g c o s t 
1 2 . D i r e c t l abor c o s t 
1 3 . Operat ion and maintenance c o s t 
14 . C a p i t a l equipment c o s t 
1 5 . P l a n n i n g , s u p e r v i s i o n and c o n t r o l c o s t s 
16 . Absence c o s t 
1 7 . Q u a l i t y c o s t s 
For each of t h e s e c o s t s and i n e f f i c i e n c i e s , an approach i s p r o -
posed which would be used t o compare between p r o d u c t i o n sys tems (mechani­
c a l l i n e s , non-mechanica l l i n e s , c o l l e c t i v e working , i n d i v i d u a l as sembly) . 
P r o v i s i o n i s made f o r a l t e r n a t i v e methods of o p e r a t i o n of t h e s e sys tems 
w i t h r e s p e c t to the manufacture of one or more product types ( s i n g l e 
model , mixed model and m u l t i - m o d e l ) . 
Table 1 summarizes t h e approaches t o p a r a l l e l i n g found i n the 
l i t e r a t u r e . 
Table 1 . P a r a l l e l i n g i n the L i t e r a t u r e 
Author Type of Line 
Type of 
P a r a l l e l i n g O b j e c t i v e 
Type of 
Method Remarks 
Arcus - 1963 
Freeman-1967 
H e s k i a o f f - 1 9 6 8 
M a r i o t t i - 1 9 7 0 
Buxey-1974 
P i n t o - 1 9 7 5 
Paced 
Unpaced 
Paced 
Paced 
or Unpaced 
Paced 
Paced 
S t a t i o n s 
S t a t i o n s 
S t a t i o n s 
S t a t i o n s 
and Tasks 
S t a t i o n s 
S t a t i o n s 
and Tasks 
M i n . I d l e Time H e u r i s t i c 
M i n . I d l e Time 
Min .Cos t s : 
F a c i l i t i e s H -
Normal Labor+ 
Overtime Labor 
H e u r i s t i c M i n . C o s t s : 
Inventory 
+ F a c i l i t i e s 
H-Labor 
H-Penalty 
M i n . I d l e Time H e u r i s t i c 
Empir ica l 
Search 
M i n . I d l e Time H e u r i s t i c 
Branch and 
Bound wi th 
H e u r i s t i c s 
P a r a l l e l i n g only 
when t a s k s l a r g e r 
than c y c l e t ime 
Approach: 
S t o c h a s t i c 
B a l a n c i n g 
His program a s s i g n s 
up to two o p e r a t o r s 
per s t a t i o n ( e q u i ­
v a l e n t to 2 p a r a l l e l 
s t a t i o n s ) 
Mentions o t h e r 
c o s t s i n v o l v e d 
Deve lops two 
methods 
Two methods: one 
for p a r a l l e l i n g of 
t a s k s and one for 
p a r a l l e l i n g of 
s t a t i o n s 
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CHAPTER I I I 
PARALLELING OPTIONS 
Approach 
F i r s t , a c o n s i s t e n t and p r e c i s e t ermino logy and symbology r e ­
l a t e d t o p a r a l l e l i n g i s d e v e l o p e d . Then, some p r i n c i p l e s of "s imple 
p a r a l l e l i n g o p t i o n s " a r e proposed and i l l u s t r a t e d . F i n a l l y , some 
of the l i m i t a t i o n s of t h e "s imple p a r a l l e l i n g o p t i o n s " are d i s c u s s e d . 
Terminology and Symbols 
The f o l l o w i n g terms and symbols were used throughout the d e v e l o p ­
ment of t h i s t h e s i s : 
Paralleling of a task, i s the performance of t h a t task a t more 
than one s t a t i o n . Paralleling of a station i n v o l v e s hav ing two or more 
s t a t i o n s performing t h e same t a s k s on the same f r a c t i o n of the u n i t s . 
These c o n c e p t s are i l l u s t r a t e d i n F igure 2 . -
Each box r e p r e s e n t s a work s t a t i o n , and t h e arrows r e p r e s e n t 
f l ows between s t a t i o n s . The numbers below the boxes s e r v e o n l y t o 
i d e n t i f y t h e s t a t i o n s . The l e t t e r s w i t h i n the boxes s p e c i f y which 
t a s k s are performed w i t h i n the s t a t i o n , and t h e f r a c t i o n s i n d i c a t e the 
p r o p o r t i o n of u n i t s on which each t a s k i s performed. For example , i n 
s o l u t i o n I I I , s t a t i o n s 1 and 2 both perform t a s k s A, B, C and D, but 
each s t a t i o n performs them on o n l y h a l f of the u n i t s . S t a t i o n 1 i n 
s o l u t i o n I I performs t a s k A on a l l u n i t s and t a s k B on h a l f of the 
u n i t s . The l e t t e r s on the arrows i n d i c a t e which ta sk have been p e r ­
formed on u n i t s i n t h a t f low ( o r , the stage of production of t h o s e u n i t s ) . 
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Cyc le t i m e = 20 
S o l u t i o n I No p a r a l l e l i n g 
i I ABE | 
-HB,E j — » | C , D , F 
2 3 
ABCDEF 
4 
ABCDEFG 
S o l u t i o n I I P a r a l l e l i n g of t a s k B 
A , 1 / 2 ( B ) h 
AB 
M 1 / 2 ( B ) . C . D 
ABCD ABCDEFG 
S o l u t i o n I I I P a r a l l e l i n g of s t a t i o n 1 
1 /2(A,B,C,D) 
ABCD ABCDEFG 
E,F ,G 
1 /2 (A,B,C,D) 
F i g u r e 2 . D e p i c t i n g P a r a l l e l i n g . 
23 
A conventional station i s any s t a t i o n w i t h the f o l l o w i n g c h a r a c ­
t e r i s t i c s : 
1 . Any t a s k performed i n t h a t s t a t i o n i s performed i n no o t h e r 
s t a t i o n ( i . e . no p a r a l l e l e d t a s k s ) . 
2 . A l l u n i t s e n t e r the s t a t i o n a t the same s t a g e of p r o d u c t i o n , 
and a l l u n i t s l e a v e t h e s t a t i o n a t the same s t a g e of produc­
t i o n . 
3 . The sum of the t a s k s a s s i g n e d t o the s t a t i o n i s l e s s than or 
e q u a l t o the d e s i r e d c y c l e t i m e . 
In F igure 2 , a l l s t a t i o n s of s o l u t i o n I are c o n v e n t i o n a l , w h i l e 
only s t a t i o n 3 i n both s o l u t i o n I I and I I I i s c o n v e n t i o n a l . A non-
c o n v e n t i o n a l s t a t i o n i s any s t a t i o n l a c k i n g one or more of the above 
c h a r a c t e r i s t i c s . 
Identical stations are two or more s t a t i o n s i n which the same 
t a s k s are performed on the same f r a c t i o n s of u n i t s . In Figure 2 , 
s t a t i o n s 1 and 2 of s o l u t i o n I I I are i d e n t i c a l . I t i s no t n e c e s s a r y , 
however , t h a t the f r a c t i o n of u n i t s on which each t a s k i s performed 
w i t h i n each s t a t i o n be e q u a l . A Unique station i s any s t a t i o n for 
which t h e r e e x i s t s no o t h e r i d e n t i c a l s t a t i o n . In Figure 2 , a l l s t a ­
t i o n s of s o l u t i o n s I and I I are u n i q u e , w h i l e only s t a t i o n 3 of s o l u t i o n 
I I I i s un ique . 
An N-cycle fit (where N i s an i n t e g e r ) i s a s e t of t a s k s w i t h 
the f o l l o w i n g c h a r a c t e r i s t i c s : 
1 . The sum of the t a s k t imes i s g r e a t e r than (N-1) x ( d e s i r e d 
c y c l e t ime) and l e s s than or equa l to N x ( d e s i r e d c y c l e 
t i m e ) . 
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2 . Given the c u r r e n t s t a t u s of t h e problem s o l u t i o n , i t i s 
p o s s i b l e to perform the s e t of t a s k s i n a t l e a s t one sequence 
w i t h o u t v i o l a t i n g t a s k precedence r e l a t i o n s h i p s . In the 
precedence diagram of F igure 2 , the s e t |̂ A^ i s a 1 - c y c l e 
f i t , w h i l e the s e t s ^A,B,C,D^ and £ A,B,C^ (among o t h e r s ) 
are 2 - c y c l e f i t s ; and the s e t ^A,B ,C ,D ,E ,F , G J » i s a 3 - c y c l e 
f i t . 
An N-cycle option i s a s p e c i f i c arrangement of an N - c y c l e f i t of 
t a s k s w i t h i n N s t a t i o n s ( c o n v e n t i o n a l and/or n o n - c o n v e n t i o n a l ) . In 
F igure 2 , s o l u t i o n s I I and I I I are arrangements of the 3 - c y c l e f i t 
^A,B ,C ,D ,E,F,G*jj i n 3 s t a t i o n s . They are 3 - c y c l e o p t i o n s . 
An N-cycle paralleling option i s an N - c y c l e o p t i o n i n which the 
t a s k s are arranged w i t h i n N s t a t i o n s , a l l of which are n o n - c o n v e n t i o n a l . 
S t a t i o n s 1 and 2 i n s o l u t i o n s I I and I I I are s p e c i f i c arrangements of 
t h e 2 - c y c l e f i t <£A,B,C,D^ in 2 n o n - c o n v e n t i o n a l s t a t i o n s . They are 2 -
c y c l e p a r a l l e l i n g o p t i o n s . 
The r e a s o n s for the d e f i n i t i o n of N - c y c l e f i t and N - c y c l e o p t i o n 
w i l l become more c l e a r i n Chapter V. The l i n e b a l a n c i n g method proposed 
t h e r e s e a r c h e s for f i t s w i t h a maximum a c c e p t a b l e p r o p o r t i o n of i d l e t ime, 
I f no a c c e p t a b l e 1 - c y c l e f i t s are found, the s e a r c h c o n t i n u e s for h i g h e r 
v a l u e s of N. The a c c e p t a b l e N - c y c l e f i t s are l a t e r arranged i n N - c y c l e 
o p t i o n s , which may i n v o l v e p a r a l l e l i n g . 
P r i n c i p l e s of Simple P a r a l l e l i n g Opt ions 
Suppose t h e r e i s an N - c y c l e f i t from which N - c y c l e p a r a l l e l i n g 
o p t i o n s are t o be arranged . The number of t h e s e p a r a l l e l i n g o p t i o n s 
25 
can become unmanageably l a r g e . Furthermore, some of the p a r a l l e l i n g 
o p t i o n s may be unreasonably complex, d e t r a c t i n g from the b e n e f i t s of 
f low l i n e p r o d u c t i o n . With t h e s e problems i n mind, some p r i n c i p l e s of 
"s imple p a r a l l e l i n g o p t i o n s " are p r e s e n t e d h e r e which are in tended 
(a) t o l i m i t the s e a r c h f o r p a r a l l e l i n g o p t i o n s t o t h o s e t h a t are most 
promis ing from an o p e r a t i o n a l and c o s t v i e w p o i n t , and (b) t o guide the 
s e a r c h f o r t h o s e o p t i o n s . 
1 . A s i m p l e p a r a l l e l i n g o p t i o n w i l l i n v o l v e a s e t of n o n - c o n ­
v e n t i o n a l s t a t i o n s c o n s i s t i n g of either: 
a. A l l unique s t a t i o n s , ov 
b . One or more s e t s of i d e n t i c a l s t a t i o n s , ov 
c . One or more unique s t a t i o n s and one or more s e t s of 
i d e n t i c a l s t a t i o n s ( t h i s b e i n g i m p o s s i b l e for 2 - c y c l e 
p a r a l l e l i n g o p t i o n s ) . 
F igure 3 i l l u s t r a t e s t h e above p o s s i b i l i t i e s f o r 3 - c y c l e 
p a r a l l e l i n g o p t i o n s arranged from a 3 - c y c l e f i t . 
2 . Given an N - c y c l e f i t g e n e r a t i n g N - c y c l e p a r a l l e l i n g o p t i o n s , 
t h e r e e x i s t s an e x h a u s t i v e s e t of " s t a t i o n p a t t e r n s " which 
could be c o n s i d e r e d , each i n v o l v i n g N n o n - c o n v e n t i o n a l 
unique and /or i d e n t i c a l s t a t i o n s . The concept of s t a t i o n 
p a t t e r n s i s i l l u s t r a t e d i n F igure 4 for 4 - c y c l e p a r a l l e l i n g 
o p t i o n s (where "U" r e p r e s e n t s a unique s t a t i o n , "12" r e p r e ­
s e n t s one s t a t i o n of a s e t of two i d e n t i c a l s t a t i o n s , "13" 
r e p r e s e n t s one s t a t i o n of a s e t of t h r e e i d e n t i c a l s t a t i o n s 
and "14" r e p r e s e n t s one s t a t i o n of a s e t of four i d e n t i c a l 
s t a t i o n s ) . Note t h a t t h e s t a t i o n p a t t e r n s do not show the 
8 4 
* < B > 
6 
" C D -
4 8 
Cycle t ime = 10 
S o l u t i o n I A l l unique s t a t i o n s 
A , 1 / 2 ( B ) 
ABC 
AB 
J 1 / 2 ( D ) , E 
l | 1 / 2 ( B ) , C , 1 / 2 ( D ) 
ABCD 
ABCDE 
S o l u t i o n I I One s e t of 3 i d e n t i c a l s t a t i o n s 
1 /3 (A .B .C .D .E) 
1 /3 (A,B,C,D,E) 
ABCDE 
1 /3 (A ,B ,C ,D,E) 
S o l u t i o n I I I One unique s t a t i o n and 1 s e t of 2 i d e n t i c a l s t a t i o n s 
1 / 2 ( A , B , C ) , 1 / 4 ( D ) ABCD 
ABC 
1 / 2 ( A , B , C ) , 1 / 4 ( D ) 
1 / 2 ( D ) , E —: *-
ABCD 
ABCDE 
Figure 3 . P a r a l l e l i n g Options Arranged from a 3 -Cyc le F i t . 
P a t t e r n 1: Four unique s t a t i o n s . 
u u u u 
P a t t e r n s 2 , 3 and 4: Two unique s t a t i o n s and one s e t of two i d e n t i c a l 
s t a t i o n s . 
1 I 
12 . 12 12 
1 I 
u u 1 u u u u 
, I 
12 , 12 12 
1 I 
P a t t e r n 5: Two s e t s o f two i d e n t i c a l s t a t i o n s . 
12 12 ' 
12 1 2 ' 
P a t t e r n s 6 and 7: One unique s t a t i o n and 1 s e t of t h r e e i d e n t i c a l 
s t a t i o n s . 
I 
13 ( 13 
13 U I U 13 
13 ' 13 
P a t t e r n 8: One s e t of four i d e n t i c a l s t a t i o n s . 
14 
14 
14 
14 
F igure 4 . S t a t i o n P a t t e r n s f o r 4 -Cyc l e P a r a l l e l i n g O p t i o n s . 
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d e t a i l s of the f l o w s , s i n c e t h e s e may vary from one p a r a l l e l ­
i n g o p t i o n t o another w i t h i n one s t a t i o n p a t t e r n ( i . e . two 
or more d i f f e r e n t p a r a l l e l i n g o p t i o n s may conform to the same 
s t a t i o n p a t t e r n ) . The p a t t e r n s , however , do imply the 
g e n e r a l d i r e c t i o n of f low through the s t a t i o n s . I f we r e f e r 
t o the F igure 4 , the m a t e r i a l i n each p a t t e r n would f low c o n ­
s i s t e n t l y from l e f t t o r i g h t . ( P r i n c i p l e 3 w i l l f u r t h e r r e ­
s t r i c t the f low of m a t e r i a l s ) . 
These p o s s i b l e s t a t i o n p a t t e r n s were a l s o c o n s t r u c t e d for 
N - c y c l e p a r a l l e l i n g o p t i o n s w i t h N = 2 , 3 , 7. The 
number of p a t t e r n s found f o r each N i s as f o l l o w s : 
N Number of p a t t e r n s (p) 
2 2 
3 4 
4 8 
5 16 
6 32 
7 64 
The r e l a t i o n s h i p appears to be p = 2 , though t h i s r e l a ­
t i o n s h i p has no t been proven . 
3 . Once a u n i t has l e f t a s t a t i o n i n a s i m p l e p a r a l l e l i n g o p t i o n , 
i t cannot r e - e n t e r t h a t s t a t i o n or any s t a t i o n i d e n t i c a l to 
t h a t s t a t i o n . 
4 . In a s i m p l e p a r a l l e l i n g o p t i o n , no more than two t y p e s of 
u n i t s ( i . e . u n i t s i n two d i f f e r e n t s t a g e s of produc t ion ) are 
a l l o w e d t o e n t e r any s t a t i o n ; a l s o , no more than two t y p e s 
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of u n i t s may l e a v e any s t a t i o n . ( T h i s p r i n c i p l e h o l d s i n 
t h e p a r a l l e l i n g o p t i o n s i l l u s t r a t e d i n t h e e x a m p l e s . ) 
5 . For any u n i q u e s t a t i o n i n v o l v e d i n a s i m p l e p a r a l e l l i n g 
o p t i o n , either : 
a . I t s h a r e s no t a s k w i t h any o t h e r s t a t i o n i n t h e p a r a l l e l ­
i n g o p t i o n or 
b . I t s h a r e s on ly one t a s k w i t h one o r more s t a t i o n s ( u n i q u e 
o r i d e n t i c a l ) i n t h e p a r a l l e l i n g o p t i o n or 
c . I t s h a r e s o n l y two t a s k s , one of them w i t h p r e c e e d i n g 
s t a t i o n s ( u n i q u e o r i d e n t i c a l ) , t h e o t h e r one w i t h f o l l o w ­
i n g s t a t i o n s ( u n i q u e o r i d e n t i c a l ) . 
F i g u r e 5 i l l u s t r a t e s an example of e a c h of t h e s e t h r e e 
c a s e s . (Note t h a t i n t h e f i r s t example s t a t i o n 2 i s 
n o n - c o n v e n t i o n a l ) . 
A l s o , any s t a t i o n of a s e t of i d e n t i c a l s t a t i o n s i n a s i m p l e 
p a r a l l e l i n g o p t i o n r e l a t e s as a u n i q u e s t a t i o n w i t h i t s n o n -
i d e n t i c a l s . Tha t i s , either: 
a . I t s h a r e s no t a s k w i t h i t s n o n - i d e n t i c a l s or 
b . I t s h a r e s one t a s k w i t h one o r more of i t s n o n - i d e n t i c a l s 
or 
c . I t s h a r e s two t a s k s w i t h i t s n o n - i d e n t i c a l s , one t a s k w i t h 
p r e c e e d i n g s t a t i o n s and one t a s k w i t h f o l l o w i n g s t a t i o n s . 
As a c o n s e q u e n c e , any p a i r of s t a t i o n s i n a s i m p l e p a r a l l e l ­
i n g o p t i o n t h a t a r e n o t m u t u a l l y i d e n t i c a l can s h a r e a t most 
one t a s k . 
These p r i n c i p l e s would a l s o a p p l y i n c a s e s whe re t h e r e a r e t a s k s 
l o n g e r t h a n t h e c y c l e t i m e . F i g u r e 6 p r o v i d e s an e x a m p l e . 
EXAMPLE: 
UNIQUE STATIONS SHARING NO TASKS AND ONE TASK. 
EXAMPLE: 
A UNIQUE STATION SHARING TWO TASKS 
12 6 2 16 
© * © — — K E CYCLE TIME = 15 
A,1/2(B) 
AB 
ABC 
\ 1/2(B),C,1/2(D) ABCD 
1M(D),1/2(E,F) 
1 
ABC 1/4(D),1/2(E,F) 
ABCDE 
FIGURE 5. UNIQUE STATIONS IN SIMPLE PARALLELING OPTIONS. 
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Example: 20 
Q - 0 - 0 Cycle t ime = 11 
S o l u t i o n 1 (Simple p a r a l l e l i n g o p t i o n ) 
A , 1 / 4 ( B ) H 
I 1 /2 (B) U AB 
L| 1 / 4 ( B ) , C > 
3 
ABC 
3 unique s t a t i o n s 
(Simple p a r a l l e l i n g o p t i o n ) 
1 /3 (A,B,C) 
1 /3(A,B,C) ABC 3 i d e n t i c a l s t a t i o n s 
1 /3 (A,B,C) 
S o l u t i o n 3 (Simple p a r a l l e l i n g o p t i o n ) 
3 / 8 ( B ) , C 
U , 1 / 4 ( B ) 
AB ABC 1 unique and 2 
i d e n t i c a l s t a t i o n s 
3 / 8 ( B ) , C 
Figure 6 . P r i n c i p l e s of Simple P a r a l l e l i n g Options Appl ied When There 
a r e Tasks Longer than the Cyc le Time. 
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L i m i t a t i o n s of t h e P r i n c i p l e s 
As mentioned e a r l i e r , the p r i n c i p l e s are in t ended to l i m i t and 
guide the s earch for p r a c t i c a l p a r a l l e l i n g o p t i o n s . These p r i n c i p l e s , 
however , cou ld r u l e out p o t e n t i a l l y u s e f u l o p t i o n s i n some c i r c u m s t a n c e s . 
F igure 7 shows two r e p r e s e n t a t i v e examples of t h e l i m i t a t i o n s of the 
p r i n c i p l e s . The f i r s t example shows a s i t u a t i o n i n which "backtrack ing" 
could be u s e f u l ( suppose C and D cannot be performed a t t h e same s t a ­
t i o n ) . This v i o l a t e s t h e t h i r d p r i n c i p l e . The second example shows 
a s i t u a t i o n i n which i t cou ld be u s e f u l t o have a p a i r of unique s t a ­
t i o n s s h a r i n g more than one t a s k ( suppose p a r a l l e l i n g of A i s not f e a s ­
i b l e or a grouping of B and C i s d e s i r a b l e ) . This i s i n v i o l a t i o n of 
the f i f t h p r i n c i p l e . 
Summary 
Given a f i t which i s t o be arranged i n a p a r a l l e l i n g o p t i o n , the 
p o s s i b l e ways of do ing i t may be t o o numerous and some of them may be 
too complex. Some p r i n c i p l e s have been proposed t o l i m i t and guide the 
s earch f o r p r a c t i c a l a l t e r n a t i v e s . The p r i n c i p l e s as s t a t e d may r u l e 
out u s e f u l p a r a l l e l i n g o p t i o n s i n v e r y s p e c i f i c c a s e s . 
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N o t a s i m p l e p a r a l l e l i n g o p t i o n . 
1 / 2 ( A , B ) , C 
ABCD 
1 / 2 ( A , B ) , D | 
2 
ABD 
E x a m p l e 2 : 
9 1 8 12 
<D © C y c l e t i m e = 20 
N o t a s i m p l e p a r a l l e l i n g o p t i o n . 
A , 1 / 3 ( B , C ) 
ABC 
2 / 3 ( B , C ) 
F i g u r e 7 . Two N o n - S i m p l e P a r a l l e l i n g O p t i o n s . 
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CHAPTER IV 
COST COMPARISON METHODS 
Approach 
I n i t i a l l y , t h e t y p e s of c o s t s t h a t are most l i k e l y to be a f f e c t e d 
by p a r a l l e l i n g are d i s c u s s e d . Then, based on c o s t c r i t e r i a , methods t o 
compare between N - c y c l e p a r a l l e l i n g o p t i o n s arranged from one N - c y c l e 
f i t are d e v e l o p e d . I t i s then shown how t h o s e same methods would be used 
t o compare between N - c y c l e o p t i o n s i n g e n e r a l arranged from the same 
N - c y c l e f i t . 
Cos t s of P a r a l l e l i n g 
One reason f o r p a r a l l e l i n g i s t h a t i t may improve t h e e f f i c i e n c y 
of a b a l a n c e for a g i v e n c y c l e t ime by reduc ing the number of s t a t i o n s 
r e q u i r e d . Another reason may be t h e e x i s t e n c e of t a s k s l onger than the 
c y c l e t i m e . However, p a r a l l e l i n g i n v o l v e s d u p l i c a t i o n of f a c i l i t i e s 
and a l s o c o m p l i c a t e s t h e f low l i n e , w i t h the subsequent impact on the 
c o s t s of t h e l i n e . 
The c o s t s t h a t are most l i k e l y t o be i n c r e a s e d by p a r a l l e l i n g are 
as f o l l o w s : 
1 . P r o d u c t i o n equipment . The i n i t i a l c o s t of t h e d u p l i c a t e d 
p r o d u c t i o n equipment . "Equipment," taken h e r e i n a broad 
s e n s e , i n c l u d e s t o o l s and f i x t u r e s . I t a l s o i n c l u d e s 
m a t e r i a l s h a n d l i n g equipment used t o s t o r e or move m a t e r i a l 
within a s t a t i o n . 
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2 . M a t e r i a l Handl ing Equipment. P a r a l l e l i n g g e n e r a l l y i n v o l v e s 
more complex m a t e r i a l f lows than would o t h e r w i s e be r e q u i r e d . 
This may r e s u l t i n i n c r e a s e d c o s t to purchase a d d i t i o n a l 
m a t e r i a l s h a n d l i n g equipment to move m a t e r i a l betti&en s t a t i o n s . 
3 . B u f f e r s t o c k s . The more complex m a t e r i a l f lows w i l l g e n e r a l ­
l y r e q u i r e i n c r e a s e d b u f f e r s t o c k s (w i th t h e p o s s i b l e e x ­
c e p t i o n of p a r a l l e l s t a t i o n s w i t h u n i t s a t one s t a g e of p r o ­
d u c t i o n e n t e r i n g t h e s t a t i o n and u n i t s a t one s t a g e of p r o -
45, 
d u c t i o n l e a v i n g the s t a t i o n s ). Consider f o r example the 
d i f f i c u l t y of o p e r a t i n g S o l u t i o n I i n F igure 3 w i t h o u t b u f f e r 
s t o c k s of u n i t s i n each s t a g e of p r o d u c t i o n between the 
s t a t i o n s . 
4 . F loor s p a c e . A d d i t i o n a l f l o o r space may be r e q u i r e d f o r the 
e x t r a p r o d u c t i o n and m a t e r i a l s h a n d l i n g equipment and f o r 
t h e b u f f e r s t o c k s . This i n v o l v e s an i n i t i a l c o s t or c o n ­
t i n u e d c o s t ( i f space i s r e n t e d ) f o r e x t r a s p a c e . 
5 . Wage r a t e s . P a r a l l e l i n g t ends t o i n c r e a s e the number of 
d i f f e r e n t t a s k s an o p e r a t o r must perform. A l s o , p a r a l l e l ­
i n g of a h igh s k i l l t a s k may r e q u i r e a h i g h e r wage a t the 
s t a t i o n s performing t h a t t a s k than i f t h a t t a s k had not 
been p a r a l l e l e d . 
6 . T r a i n i n g . The c o s t s o f t r a i n i n g new workers i s l i k e l y t o 
be h i g h e r b e c a u s e of the l a r g e r number of d i f f e r e n t t a s k s 
per s t a t i o n . 
7. S u p e r v i s i o n . The c o m p l e x i t i e s o f p a r a l l e l i n g are l i k e l y t o 
i n v o l v e more s u p e r v i s i o n of o p e r a t i v e s . A l s o , q u a l i t y c o n ­
t r o l c o s t s may be h i g h e r . 
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8 . I n d i r e c t c o s t s , i n c l u d i n g u t i l i t i e s , i n s u r a n c e , t a x e s , 
i n d i r e c t l a b o r and maintenance and r e p a i r c o s t s due t o 
e x t r a p r o d u c t i o n and m a t e r i a l s h a n d l i n g equipment, f l o o r 
space and b u f f e r s t o c k s . 
9 . Other c o s t s , such a s : 
- Q u a l i t y c o s t s 
- Learning c o s t s 
- Set up c o s t s 
P a r a l l e l i n g and Combining Tasks a t S t a t i o n s 
The i n f l u e n c e s t h a t the d i f f e r e n t ways of combining t a s k s a t 
s t a t i o n s may have on the c o s t s of the l i n e have been r e c o g n i z e d by 
s e v e r a l a u t h o r s , i n c l u d i n g S a l v e s o n who p i o n e e r e d the development of 
procedures to s o l v e t h e l i n e b a l a n c i n g problem. Of t h e s e c o s t s , the 
ones t h a t are assumed h e r e t o be most r e l e v a n t a r e : 
1 . Investment i n p r o d u c t i o n and m a t e r i a l hand l ing equipment 
2 . Wages 
3 . T r a i n i n g 
Other c o s t s such as b u f f e r s t o c k s and s u p e r v i s i o n , are not l i k e l y 
t o vary as much due t o t h i s " i n t e r a c t i o n " among t a s k s performed a t a 
s t a t i o n . 
The u s u a l way t o d e a l w i t h t h o s e i n t e r a c t i o n s has been to s e t 
i n i t i a l r e s t r i c t i o n s i n t h e problem assuming c e r t a i n h i g h c o s t com­
b i n a t i o n s as i n f e a s i b l e and a l s o t o s e t i n i t i a l l y predetermined group­
i n g s of t a s k s ( i . e . t a s k A and B are to be a s s i g n e d to t h e same s t a ­
t i o n ) when such groupings a r e a c c e p t e d to be h i g h l y d e s i r a b l e . In 
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t h i s s tudy i t i s assumed t h a t t h o s e h i g h l y f a v o r a b l e or u n f a v o r a b l e 
combinat ions are s e t a t the b e g i n n i n g as groupings and r e s t r i c t i o n s , 
a l though t h e e f f e c t of the o t h e r " l e s s obv ious" i n t e r a c t i o n s w i l l a l s o 
be taken i n t o a c c o u n t . 
Cost Comparisons Between N-Cycle P a r a l l e l i n g Options 
Arranged from One N-Cycle F i t 
Given an N - c y c l e f i t which i s to be arranged i n N non-conven­
t i o n a l s t a t i o n s , s e v e r a l s i m p l e N - c y c l e p a r a l l e l i n g o p t i o n s may be 
f e a s i b l e . This i s b e c a u s e : 
N - l 
1 . There e x i s t 2 d i f f e r e n t p a t t e r n s of n o n - c o n v e n t i o n a l 
s t a t i o n s which cou ld be t r i e d for arrang ing the t a s k s . 
2 . A l s o , for most of t h o s e p a t t e r n s , d i f f e r e n t arrangements 
of t a s k s cou ld be t r i e d for each p a t t e r n depending on the 
f l e x i b i l i t y o f the precedence diagram and o t h e r r e s t r i c t i o n s 
on the a l l o c a t i o n of t a s k s t o s t a t i o n s . (When the p a t t e r n 
i s one s e t o f i d e n t i c a l s t a t i o n s on ly one arrangement i s 
p o s s i b l e ) . 
Given a s e t of f e a s i b l e N - c y c l e p a r a l l e l i n g o p t i o n s from one 
N - c y c l e f i t s e v e r a l s t e p s may be taken t o de termine which i s the most 
e c o n o m i c a l . 
I n i t i a l Screen ing 
I n i t i a l l y , a s c r e e n i n g among the p a r a l l e l i n g o p t i o n s cou ld be 
u s e f u l t o e l i m i n a t e a t l e a s t some of them from f u r t h e r c o n s i d e r a t i o n . 
The s c r e e n i n g i n v o l v e s o r d i n a l comparisons between p a r a l l e l i n g o p t i o n s . 
The approach i s t o e l i m i n a t e t h e o p t i o n s t h a t are c l e a r l y i n f e r i o r to 
o t h e r s i n terms of c o s t s . This type of comparison i s e f f e c t i v e prov ided 
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the r e l a t i v e importance of each of the r e l e v a n t c o s t s can be a s s e s s e d 
f o r t h e s p e c i f i c l i n e b e i n g d e s i g n e d . An example i s p r e s e n t e d i n 
F igure 8 . In the example , the d e s i g n e r i s c o n s i d e r i n g 3 - c y c l e p a r a l l e l ­
i n g o p t i o n s . Let us suppose t h a t he i s c o n s i d e r i n g t h e f i v e p a r a l l e l i n g 
o p t i o n s shown i n t h e f i g u r e . 
In t h e example , n o t e t h a t t h r e e i d e n t i c a l s t a t i o n s are not 
f e a s i b l e b e c a u s e of t h e r e s t r i c t i o n t h a t A and B can be performed a t 
only one s t a t i o n . 
The most e f f i c i e n t and easy way t o make t h e o r d i n a l comparisons 
i s to COMPARE FIRST WITHIN SUBSETS OF THE PARALLELING OPTIONS (P.O.) 
WHICH FOLLOW THE SAME PATTERN. In t h i s example t h e r e are two of such 
s u b s e t s : (a) P.O. 1 , 2 and 5 , which f o l l o w a p a t t e r n of t h r e e unique 
s t a t i o n s , and (b) P.O. 3 and 4 , which f o l l o w a p a t t e r n of one unique 
and two i d e n t i c a l s t a t i o n s . To show how t h i s cou ld be done , suppose the 
d e s i g n e r c l e a r l y p r e f e r s e i t h e r P.O. 1 or 2 t o P.O. 5 because of 
m a t e r i a l h a n d l i n g c o n s i d e r a t i o n s , h i g h e r wages of P.O. 5 and h i g h e r 
t r a i n i n g c o s t s of P.O. 5 . He does not c o n s i d e r o ther d i f f e r e n c e s as 
r e l e v a n t , and he proceeds to e l i m i n a t e P.O. 5 . F u r t h e r , suppose t h a t 
the d e s i g n e r c l e a r l y p r e f e r s P.O. 1 to P.O. 2 based on c o n s i d e r a t i o n s 
such a s : (a) The s k i l l s r e q u i r e d t o perform task F matches b e t t e r t h o s e 
s k i l l s r e q u i r e d t o perform A and B as opposed t o t h e s k i l l s r e q u i r e d t o 
perform C w i t h A and B, (b) There .would be some s a v i n g s when d u p l i c a t ­
ing F r a t h e r than C i n the f i r s t s t a t i o n , and (c ) The f r a c t i o n 1/2 i s 
e a s i e r t o d e a l w i t h than the f r a c t i o n 3 /5 i n c o n t r o l l i n g the l i n e . The 
d e s i g n e r then p r o c e e d s t o e l i m i n a t e P.O. 2 from f u r t h e r c o n s i d e r a t i o n . 
Suppose a l s o t h a t when comparing w i t h i n s u b s e t I I , he p r e f e r s P.O. 3 
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same s t a t i o n . 
P.O. 1 
A , B , 1 / 2 ( F ) U 
AB ABF 
4 /5(D) 
ABFCE ABCDEF 
M l / 2 ( F ) , C , E , l / 5 ( D ) 
P.O. 2 
A , B , 3 / 5 ( C ) 4 /5(D) 
AB ABC ABCFE 
9 2 / 5 ( C ) , F , E , 1 / 5 ( D ) 
ABCDEF 
P.O. 3 
AB 
1 /2 [ l / 2 ( F ) C . D . E I 
A , B , 1 / 2 ( F ) 
ABF ABCDEF 
AB l / 2 [ l / 2 ( F ) , C , D , E ] 
F igure 8 . S c r e e n i n g P a r a l l e l i n g O p t i o n s . An Example. 
AB 1 / 2 L 2 / 5 ( C ) , F , D , E ^ 
ABC 
A , B , 3 / 5 ( C ) 
ABCDEF 
AB l / 2 [ 2 / 5 ( C ) , F , D , E ] 
1 ABC 
AB 
1 / 3 ( D ) , F , E ABCDEF 
ABC 
2 /5 (C) , 2 / 3 ( D ) ABCD 
Figure 8 . (Continued) 
over P.O. 4 because of t h e same r e a s o n s for which he p r e f e r s P.O. 1 
over P.O. 2 . 
Cont inu ing w i t h the example , the d e s i g n e r by o r d i n a l compari­
sons has been a b l e t o choose one P.O. from each of t h e s u b s e t s of 
p a t t e r n s . Now he must choose between P.O. 1 and P.O. 3 . I f the d e ­
s i g n e r i s w i l l i n g t o favor t h e advantages of P.O. 1 ( l e s s d u p l i c a t i o n 
of f a c i l i t i e s and lower wages) over the advantages of P.O. 3 ( l e s s 
v a r i e t y i n t h e p r o d u c t i o n s t a g e of the u n i t s b e i n g handled and l e s s 
s u p e r v i s i o n and c o n t r o l r e q u i r e d ) , then he would choose P.O. 1 over 
P.O. 3 . Otherwise he may choose P.O. 3 over P. 0 . 1 or remain un­
d e c i d e d . 
D e t a i l e d Annual E q u i v a l e n t Cost A n a l y s i s 
I f t h e s c r e e n i n g does not r e s u l t i n one s e l e c t e d P . O . , a more 
s t r u c t u r e d approach i s n e e d e d . One way t o approach t h e problem i s t o 
e s t i m a t e an e q u i v a l e n t annual c o s t a f t e r t a x e s f o r each of t h e remain­
ing P.O. The e q u i v a l e n t annual c o s t f o r each of t h e " c o s t s of p a r a l l e l 
i n g " would be e s t i m a t e d for each P.O. ( a t l e a s t for the r e l e v a n t 
c o s t s i n t h e s p e c i f i c s i t u a t i o n ) . A f i n a l f i g u r e f o r each P.O. would 
be ob ta ined by adding up the f i g u r e s r e p r e s e n t i n g each c o s t . The m i n i ­
mum of t h o s e f i n a l f i g u r e s would be taken as a v a l i d i n d i c a t o r of the 
b e s t P.O. U n f o r t u n a t e l y , e s t i m a t i n g c o s t s 7, 8 and 9 ( s e e pages 35-36) 
would be d i f f i c u l t i n most c a s e s . The c o s t o f t h e b u f f e r s t o c k s i s 
a l s o d i f f i c u l t t o a s s e s s , b e c a u s e i t depends on the way t h e s t a t i o n s 
w i l l be o p e r a t e d . The d e s i g n e r a t t h i s s t a g e should account for t h e 
minimum of b u f f e r s t o c k s t h a t would guarantee an adequate o p e r a t i o n . 
Cost Rat ing 
Another s i m p l e r method t o approach the problem of c h o o s i n g a 
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f i n a l P.O. i s proposed . This method i s based on a r a t i n g s c a l e f o r each 
of t h e r e l e v a n t c o s t s . For each of t h o s e c o s t s a v a l u e of 1 i s a s s i g n e d 
to an " a r t i f i c i a l benchmark o p t i o n " ( A . B . O . ) , which i n v o l v e s "no 
p a r a l l e l i n g and optimum i n t e r a c t i o n among t a s k s w i t h i n s t a t i o n s " (as i f 
the t a s k s cou ld be f i t t e d i n N c o n v e n t i o n a l s t a t i o n s w i th opt imal i n t e r ­
a c t i o n s ) . Then, for each of t h o s e c o s t s i , the P.O. y i e l d i n g t h e maxi ­
mum c o s t i s i d e n t i f i e d (P.O. max_ )̂ by the d e s i g n e r , and an e s t i m a t e 
i s made of the r a t i o : 
Cost . P.O. max. 
_ 1 l 
a i Cos t . A.B.O. l 
f o r each c o s t i . For each c o s t i , the o t h e r P . O . ( s ) are ra ted i n the 
range ( 1 , a_^) u s i n g the d e s i g n e r ' s judgment and /or a v a i l a b l e d a t a . Now, 
for each s p e c i f i c s i t u a t i o n , some t y p e s o f c o s t s are more s i g n i f i c a n t 
than o t h e r s i n d e t e r m i n i n g the t o t a l c o s t s . Because of t h i s , d i f f e r e n t 
w e i g h t s s h o u l d be a s s i g n e d t o each c o s t and a s c a l e should be provided 
showing the r e l a t i v e importance of each c o s t w i t h r e s p e c t t o the o t h e r s . 
One way of c o n s t r u c t i n g t h a t s c a l e i s to a s s i g n 100 t o the most impor­
t a n t type of c o s t , the one whose t o t a l amount i n e q u i v a l e n t annual a f t e r 
tax d o l l a r s i s e s t i m a t e d t o be h i g h e s t . For example , the annual e q u i v a ­
l e n t f o r wages may be judged h i g h e r than the annual e q u i v a l e n t of any 
o t h e r c o s t , and 100 would be a s s i g n e d to wage c o s t s . The o ther c o s t s 
are a s s i g n e d numbers t h a t r e f l e c t t h e p e r c e n t a g e amount of t h e s e c o s t s 
w i t h r e s p e c t to the h i g h e s t c o s t . The f i n a l s c o r e for each P.O. i s 
o b t a i n e d by m u l t i p l y i n g i t s r a t i n g for each c o s t i by t h e r e l a t i v e 
w e i g h t of t h a t c o s t and adding up over a l l c o s t s . The s e l e c t e d P.O. 
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w i l l be t h e onie w i t h the minimum s c o r e . 
In the l a s t example suppose t h a t the d e s i g n e r has not been a b l e 
to d e c i d e between P.O. 1 and P.O. 3 . Table 2 demonstrates how t h i s 
method cou ld be a p p l i e d . 
The advantage of t h i s method i s t h a t i t does not r e q u i r e h i g h l y 
p r e c i s e c o s t e s t i m a t e s t o a r r i v e t o a s o l u t i o n . I n s t e a d , i t r e q u i r e s : 
a . An e s t i m a t e of the r e l a t i v e importance of each type of 
c o s t w i t h r e s p e c t to the o t h e r s , 
b . The i d e a l model of an " a r t i f i c i a l benchmark o p t i o n , " A.B.O. 
c . For each type of c o s t i , i d e n t i f i c a t i o n of the "max. c o s t 
P .O." and e s t i m a t i o n of a. as a measure of the degree of 
l 
c o m p l e x i t y of t h i s P.O. w i t h r e s p e c t t o t h a t c o s t , and 
r e l a t e d to the A.B.O. and, 
d. For each c o s t i , a r a t i n g of a l l P.O. i n t h e i n t e r v a l ( 1 , 
a . ) . 
Cost Comparisons Between N-Cycle Opt ions Arranged 
From t h e Same N-Cycle F i t 
Given an N - c y c l e f i t which i s t o be arranged i n N s t a t i o n s ( c o n ­
v e n t i o n a l and/or n o n - c o n v e n t i o n a l ) , s e v e r a l f e a s i b l e N - c y c l e o p t i o n s 
may be c o n s i d e r e d . 
One of the h e u r i s t i c s used i n t h i s r e s e a r c h i s t o assume t h a t 
g i v e n an N - c y c l e f i t , the f e a s i b l e N - c y c l e o p t i o n s w i t h the minimum 
number of n o n - c o n v e n t i o n a l s t a t i o n s w i l l dominate t h e o t h e r N - c y c l e 
o p t i o n s i n terms of minimum c o s t s . 
S t i l l , the number of dominant N - c y c l e o p t i o n s may be more than 
Table 2 . Cost Rat ing of P a r a l l e l i n g Options 
Prod. M.H. Buffer Ind . 
Equip. Equip. Stocks Space Wages T r a i n . Superv. Costs Others Score 
P.O. 1 1 .2 2 .5 2 1 .2 1 .2 2 2 1 .2 - 507 
P.O. 3 2 .5 2 1 .2 1 .2 1 .5 2 1 .5 1.5 - 5 7 3 . 5 
A.B.O. 1 1 1 1 1 1 1 1 1 335 
Weights 65 50 30 50 100 10 10 20 
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o n e . The methods proposed i n the l a s t s e c t i o n can a l s o be used to com­
pare between such N - c y c l e o p t i o n s . Consider the example of F igure 9 . 
The d e s i g n e r i s c o n s i d e r i n g 3 - c y c l e o p t i o n s . Two of the s o l u t i o n s the 
d e s i g n e r i s c o n s i d e r i n g f e a s i b l e a r e shown. The d e s i g n e r cou ld use 
s c r e e n i n g , c o s t r a t i n g , and /or p e r i o d i c c o s t e q u i v a l e n t s to choose one 
from the s e t o f f e a s i b l e dominant 3 - c y c l e o p t i o n s . 
Summary 
Given an N - c y c l e f i t to be arranged i n N s t a t i o n s , s e v e r a l d i f f e r ­
ent N - c y c l e o p t i o n s may be f e a s i b l e . To s e l e c t one of t h o s e N - c y c l e 
o p t i o n s , a h e u r i s t i c r u l e , a s c r e e n i n g approach, a d e t a i l e d c o s t a n a l y s i s 
method, and a c o s t r a t i n g method are proposed . The h e u r i s t i c r u l e e l i m ­
i n a t e s from f u r t h e r c o n s i d e r a t i o n t h o s e N - c y c l e o p t i o n s i n v o l v i n g more 
than t h e minimum number of n o n - c o n v e n t i o n a l s t a t i o n s . The s c r e e n i n g 
approach e l i m i n a t e s t h o s e remaining N - c y c l e o p t i o n s which are c l e a r l y 
i n f e r i o r t o o t h e r s i n terms of c o s t s . The d e t a i l e d annual e q u i v a l e n t 
c o s t method can be used t o choose one f i n a l N - c y c l e o p t i o n prov ided the 
data on the r e l e v a n t c o s t s f o r each o p t i o n could be e s t i m a t e d . The c o s t 
r a t i n g method p r o v i d e s for a f i n a l s e l e c t i o n of an N - c y c l e o p t i o n w h i l e 
l e s s e n i n g the data r e q u i r e m e n t s . 
Cycle t ime = 15 
The d e s i g n e r i s c o n s i d e r i n g 3 - c y c l e o p t i o n s 
Two s o l u t i o n s : 
S o l u t i o n I ( 1 c o n v e n t i o n a l s t a t i o n ) 
A , B , 1 / 3 ( C ) 
AB 
1) 2 /3 (C) 1 JD.E.F.G 
ABCDEFG 
S o l u t i o n I I (1 c o n v e n t i o n a l s t a t i o n ) 
ABD 
A,B,D r — . 
A R [ 1 « H 
1/2 [ C , E , F , G ] 
ABCDEFG 
1 / 2 [ C , E , F , G ] 
Figure 9 . Two 3 -Cyc le O p t i o n s . 
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CHAPTER V 
A HEURISTIC METHOD OF LINE BALANCING WITH PARALLELING 
Approach 
The c o n c e p t s and methods p r e s e n t e d i n p r e v i o u s c h a p t e r s s e r v e as 
a base to d e v e l o p a h e u r i s t i c method f o r l i n e b a l a n c i n g w i th p a r a l l e l i n g . 
This method can be c o n s i d e r e d an enlargement of the K i l b r i d g e and Wester 
method of l i n e b a l a n c i n g . F i r s t , a b r i e f rev iew of the K i l b r i d g e and 
Wester method i s p r e s e n t e d . Then the b a s i c s t e p s of the e n l a r g e d method 
to i n c l u d e p a r a l l e l i n g are shown u s i n g a l o g i c f low diagram. Further 
e x p l a n a t i o n and r e f i n e m e n t s of the b a s i c s t e p s are p r e s e n t e d . A 21 
t a s k p r e c e d e n c e diagram i s used to i l l u s t r a t e the a p p l i c a t i o n of the 
method. 
Review of the K i l b r i d g e and Wester Method 
In 1 9 6 1 , K i l b r i d g e and Wester proposed a h e u r i s t i c method for 
l i n e b a l a n c i n g . The ir method has t h e advantage of s i m p l i c i t y . No 
computer i s needed . 
In t h e i r approach, the c y c l e t ime i s d e f i n e d as the maximum o p e r a ­
t i o n t ime the product spends a t each work s t a t i o n . As a consequence of 
t h i s d e f i n i t i o n of c y c l e t i m e , the range of p o s s i b l e c y c l e t imes i s 
t < c < Z t . ; t h a t i s , t h e c y c l e t ime e q u a l s or e x c e e d s t h e maximum t a s k max I J N 
t ime t w i t h o u t e x c e e d i n g t h e t o t a l work c o n t e n t t i m e , max 
Having s t a t e d t h i s , t h e i r emphasis i s on min imiz ing t h e b a l a n c e 
de lay ( p r o p o r t i o n of i d l e t ime on the. l i n e due t o t h e i m p e r f e c t d i v i s i o n 
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of work between s t a t i o n s ) . Mathemat i ca l l y the ba lance d e l a y i s e x p r e s s e d 
a s : 
n c - Z t . 
d = 100 x 
nc 
where _c i s the c y c l e t ime and n i s the number of work s t a t i o n s ( t h e y 
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assume one o p e r a t o r a t each work s t a t i o n ) . They show i n t h e i r a r t i c l e 
how t o p l o t a graph of minimum t h e o r e t i c a l b a l a n c e d e l a y v e r s u s c y c l e 
t ime and how i t could be used by management t o c o n s i d e r a l t e r n a t i v e s 
d i f f e r i n g i n output and b a l a n c e d e l a y . 
For l i n e b a l a n c i n g , the precedence diagram i s c o n s t r u c t e d as 
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d e s c r i b e d by Jackson . F i r s t , i n column I of t h e diagram a r e l i s t e d 
a l l t a s k s which have no p r e d e c e s s o r s . Then i n column K (K>II) are e n ­
t e r e d a l l t h o s e t a s k s f o r which a l l p r e d e c e s s o r t a s k s are a l r e a d y i n the 
diagram. While e n t e r i n g t a s k s arrows are drawn from p r e d e c e s s o r s i n 
columns I , I I , I I I , K- l t o the t a s k s t h a t must f o l l o w them i n 
column K e x c e p t when t h e r e i s a l r e a d y a path between a p r e d e c e s s o r and 
one of i t s f o l l o w e r s i n column K. 
As a r e s u l t of the way the precedence diagram has been drawn, 
the t a s k s w i t h i n each v e r t i c a l column are m u t u a l l y independent ( they are 
not connec ted by arrows) and t h e r e f o r e can be permuted among t h e m s e l v e s 
i n any sequence w i t h o u t v i o l a t i n g precedence r e l a t i o n s h i p s . Furthermore, 
many t a s k s can be moved l a t e r a l l y from t h e i r columns t o p o s i t i o n s i n 
h i g h e r numbered columns w i t h o u t d i s t u r b i n g t h e precedence r e s t r i c t i o n s . 
These two p r o p e r t i e s of t h e t a s k s i n the precedence diagram p e r m u t a b i l i t y 
w i t h i n columns and l a t e r a l t r a n s f e r a b i l i t y - are e x p l o i t e d i n the at tempt 
to o b t a i n an opt imal b a l a n c e a c c o r d i n g to the o b j e c t i v e of min imiz ing 
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b a l a n c e d e l a y . A t o o l i n t h e i r procedure i s the c o n s t r u c t i o n of a t a b l e 
c o n t a i n i n g d e t a i l e d i n f o r m a t i o n about each ta sk taken from s u c c e s s i v e 
columns of the precedence diagram. 
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In t h e i r a r t i c l e K i l b r i d g e and Wester show w i t h an example 
how t o u s e p e r m u t a b i l i t y w i t h i n columns and l a t e r a l t r a n s f e r a b i l i t y b e ­
tween columns to t r y to o b t a i n a minimum b a l a n c e d e l a y ( t h e reader i s r e ­
f e r r e d to t h e i r a r t i c l e i f not f a m i l i a r w i t h the p r o c e d u r e ) . The 
a u t h o r s i n t e n d e d f o r t h e i r method t o be used t o g e t h e r w i t h "judgment 
and i n t u i t i o n " i n s e l e c t i n g t a s k s w i t h i n columns and t r a n s f e r r i n g 
between columns. 
The Enlarged Method 
O b j e c t i v e and Scope 
An important r e s t r i c t i o n i n the K-W method i s t h a t t h e c y c l e 
t ime must be g r e a t e r or equa l to t h e t ime of the l o n g e s t t a s k . No 
p r o v i s i o n i s g i v e n i n t h e method for the c r e a t i o n of s t a t i o n s w i t h c y c l e 
t ime l o n g e r than c . The concept of p a r a l l e l i n g of t a s k s and s t a t i o n s 
i s not mentioned i n t h e i r a r t i c l e . 
The K-W method i s a p p r o p r i a t e f o r p r o d u c t i o n l i n e s where i n d i v i d u a l 
t a s k s a r e very s m a l l compared t o t o t a l j o b t ime and a l s o i n l i n e s where 
p a r a l l e l i n g i s not a t t a c t i v e to improve t h e e f f i c i e n c y of t h e ba lance 
because of d i f f i c u l t i e s i n work f l ow . 
In unpaced l i n e s w i t h b u f f e r s t o c k s between s t a t i o n s , cont inuous 
f low i s n o t , i n g e n e r a l , a p r e r e q u i s i t e . These l i n e s are l i k e l y t o 
p r e s e n t fewer l a y o u t and o p e r a t i n g d i f f i c u l t i e s w i t h p a r a l l e l i n g as 
opposed t o t h e c a s e of m e c h a n i c a l l y paced l i n e s . 
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In t h i s chapter a method of l i n e b a l a n c i n g w i t h p a r a l l e l i n g i s 
p r e s e n t e d which would i n c o r p o r a t e the a l t e r n a t i v e s of p a r a l l e l i n g of 
t a s k s and p a r a l l e l i n g of s t a t i o n s by: 
1. Us ing t o o l s s i m i l a r to t h o s e deve loped by K-W. 
2 . Using the p r o p e r t i e s of p e r m u t a b i l i t y w i t h i n columns and 
l a t e r a l t r a n s f e r a b i l i t y between columns. 
3 . Using t h e c o n c e p t s , d e f i n i t i o n s , and p r i n c i p l e s of p a r a l l e l ­
i n g , as w e l l a s the methods f o r c o s t comparisons between 
o p t i o n s , deve loped i n p r e v i o u s c h a p t e r s . 
The e n l a r g e d method w i l l be c a l l e d "KWP," and i t may be a p p l i e d 
i n c a s e s where t h e r e are t a s k s l o n g e r than the c y c l e t i m e , as w e l l as 
when t h e c y c l e t ime i s such t h a t t <c. 
max— 
For a g i v e n c y c l e t i m e , the KWP s e a r c h e s h e u r i s t i c a l l y for a 
b a l a n c e ( p a r a l l e l i n g a l l o w e d ) w i t h the approach of min imiz ing c o s t s 
g i v e n a maximum a l l o w a b l e number of s t a t i o n s . 
D i s t r i b u t i o n of an N-Cycle F i t 
Be fore the KWP i s p r e s e n t e d , i t i s n e c e s s a r y to i n t r o d u c e some 
a d d i t i o n a l c o n c e p t s : Given an N - c y c l e f i t (w i th N>2) i t may be p o s s i b l e 
to " d i s t r i b u t e " i t s t a s k s i n two or more s m a l l e r N' . - cyc le f i t s where 
l 
N^ may range 1<N^<N, and ZN^ = N. (Precedence r e s t r i c t i o n s must be 
c o n s i d e r e d when d i s t r i b u t i n g an N - c y c l e f i t , so t h a t any of the r e s u l t ­
ing f i t s may be performed i n a t l e a s t one sequence prov ided t h e t a s k s 
of p r e v i o u s f i t s were t o be a s s i g n e d p r e v i o u s l y ) . Each p o s s i b l e way 
of d i s t r i b u t i n g a s p e c i f i c N - c y c l e f i t i s c a l l e d a distribution of 
t h a t N - c y c l e f i t . The f o l l o w i n g example i l l u s t r a t e s t h i s c o n c e p t : 
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G ) c y c l e t ime = 15 
one 
one 
F igure 10 . D i s t r i b u t i n g a 3 - c y c l e f i t . 
| A , B , C , D , E , F , G ^ i s a 3 - c y c l e f i t 
| A , B , D J - | C , E , F , G J i s a d i s t r i b u t i o n of the t a s k s of 
J M , C , D , E , F , G ) i n t o one 1 - c y c l e f i t ( A . B . D } f o l l o w e d by 
2 - c y c l e f i t { C , E , F , G J . 
[ A , B , C ^ - J D , E , F , G J i s a d i s t r i b u t i o n of t h e t a s k s of 
| A , B , C , D , E , F , G J i n t o one 2 - c y c l e f i t J A , B , C J f o l l o w e d by 
1 - c y c l e f i t | D , E , F , G J . 
N - l 
There appear to be 2 - 1 d i f f e r e n t d i s t r i b u t i o n p a t t e r n s i n 
which i t cou ld be p o s s i b l e to d i s t r i b u t e an N - c y c l e f i t : For a 4 - c y c l e 
4 - 1 
f i t t h e d i s t r i b u t i o n p a t t e r n s are 2 - 1 = 7 
c - c - c - c 2 c - 2 c 
2 c - c - c 3 c - c 
c - 2 c - c c - 3 c 
c - c - 2 c 
For a 5 - c y c l e f i t t h e d i s t r i b u t e d p a t t e r n s are 2"* "'"-l = 15 
c - c - c - c - c c - c - 2 c - c 2 c - c - 2 c 
2 c - c - c - c c - c - c - 2 c c - 2 c - 2 c 
c - 2 c - c - c 2 c - 2 c - c 3 c - c - c 
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c - 3 c - c 2 c - 3 c 
c - c - 3 c 4 c - c 
3 c - 2 c c - 4 c 
The number of d i s t r i b u t i o n p a t t e r n s for N = 2 and 3 a r e 1 and 3 r e ­
s p e c t i v e l y . 
Given a d i s t r i b u t i o n of N - c y c l e f i t , i f none of the r e s u l t i n g 
N^ c y c l e f i t s may be f u r t h e r d i s t r i b u t e d , then t h i s d i s t r i b u t i o n w i l l 
be c a l l e d a semi-dominant distribution of t h a t f i t . I t may be p o s s i b l e 
to g e n e r a t e s e v e r a l semi-dominant d i s t r i b u t i o n s from one N - c y c l e f i t . 
A dominant distribution of an N - c y c l e f i t i s d e f i n e d as any s e m i -
dominant d i s t r i b u t i o n of t h a t f i t for which ZN'. i s minimum. A 
l 
N : > 2 i— 
dominant d i s t r i b u t i o n would l e a d u l t i m a t e l y to a dominant N - c y c l e o p ­
t i o n ( i f f e a s i b l e ) , each N^>2 f i t b e i n g arranged i n N^ n o n - c o n v e n t i o n a l 
s t a t i o n s . The number ZN'. w i l l be c a l l e d the order of the d i s t r i b u t i o n . 
l 
N : > 2 i— 
For example , t h e order of a 2 c - c - 2 c d i s t r i b u t i o n i s 4 . 
B a s i c S t e p s of the KWP 
The KWP approach i s b r i e f l y e x p l a i n e d i n t h i s paragraph and i s 
summarized i n a l o g i c f low diagram on the f o l l o w i n g p a g e s . At each 
b a l a n c i n g i t e r a t i o n 1 - c y c l e f i t s which "pass" a c r i t e r i o n of maximum 
a l l o w a b l e p e r c e n t a g e i d l e t ime are s o u g h t . I f no a c c e p t a b l e 1 - c y c l e f i t 
e x i s t s , 2 - c y c l e f i t s a r e sought and so on. Once an a c c e p t a b l e N - c y c l e 
f i t (N = 1 , 2 , . . . , M A X N ) i s found, o t h e r N - c y c l e f i t s (same N) are sought 
i n t h a t i t e r a t i o n , but no h i g h e r - c y c l e f i t s are s o u g h t . For each of t h e 
a c c e p t a b l e N - c y c l e f i t s , dominant d i s t r i b u t i o n s are o b t a i n e d (when a 
d i s t r i b u t i o n i s p o s s i b l e ) . Only the N - c y c l e f i t s w i t h a minimum order 
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of t h e i r dominant d i s t r i b u t i o n s are k e p t . The o t h e r s , i n c l u d i n g t h o s e 
which cannot be d i s t r i b u t e d , are e l i m i n a t e d . In the c a s e when no d i s ­
t r i b u t i o n of any of the N - c y c l e f i t s i s p o s s i b l e , a l l the f i t s w i l l 
be k e p t . From the N - c y c l e f i t s w i t h minimum order dominant d i s t r i b u t i o n s , 
f e a s i b l e N - c y c l e o p t i o n s w i t h a number of n o n - c o n v e n t i o n a l s t a t i o n s equal 
to t h e order of the dominant d i s t r i b u t i o n s are arranged . The c o s t methods 
p r e s e n t e d i n Chapter IV a r e used to s e l e c t one N - c y c l e o p t i o n from each 
remaining N - c y c l e f i t . Among t h e s e N - c y c l e o p t i o n s one i s f i n a l l y 
chosen u s i n g a r a t i o of a c o s t measure d i v i d e d by the sum of t h e t a s k 
t imes i n v o l v e d i n the o p t i o n . The o p t i o n w i t h t h e minimum r a t i o i s 
s e l e c t e d . 
The f low diagram i n F igure 11 shows t h e b a s i c s t e p s of the 
method. 
Further e x p l a n a t i o n s and r e f i n e m e n t s are needed r e l a t i v e to the 
f o l l o w i n g l a b e l l e d s t e p s of the l o g i c f low diagram: 
B3 - The maximum p e r c e n t i d l e t ime c r i t e r i o n i s a f u n c t i o n of t h e maxi ­
mum a l l o w a b l e number of s t a t i o n s f o r the c y c l e t ime c h o s e n : 
(S - c ) - Z t . 
max % I . T . = — ^ - x 100 
S * c max 
where S i s t h e maximum a l l o w a b l e number of s t a t i o n s , c i s t h e c y c l e max 
t ime and Et . i s t h e t o t a l work c o n t e n t of the e n t i r e l i n e , l 
B4 - I t i s c o n v e n i e n t t o l i m i t the s e a r c h f o r a c c e p t a b l e N - c y c l e f i t s 
t o a maximum MAXN. The main r e a s o n for t h i s i s t o l i m i t the 
p a r a l l e l i n g c o m p l i c a t i o n s t h a t may a r i s e from " f o r c i n g " a s e t of 
t a s k s i n t o N s t a t i o n s . MAXN should be g r e a t e r or equal to the 
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G i v e n : Tasks w i t h c o n s t a n t t i m e s 
A p r e c e d e n c e d i a g r a m 
A c y c l e t i m e ( i n v e r s e of t h e t a r g e t 
p r o d u c t i o n r a t e ) 
B2 
C o n s t r u c t t h e KWP t a b l e 
E s t a b l i s h c r i t e r 
% i d l e t i m e i n a 
i o n of max a l l o w a b l e 
n a c c e p t a b l e N - c y c l e f i t 
B4 1 
E s t a b l i s h MAXN, 
a c c e p t a b l e f i t s 
t h e maximum N f o r which 
w i l l be s o u g h t 
0- B5 
N = 1 
B6 
F o l l o w t h e KWP t a b l e ; use t h e p r o p e r t i e s of p e r m u t a b l i t y w i t h i n 
columns and l a t e r a l t r a n s f e r a b i l i t y ; f o l l o w t h e K-W r u l e of 
a s s i g n i n g a l l t a s k s of t h e d i a g r a m column K - l b e f o r e a s s i g n i n g 
any of column K ( e x c e p t t h o s e i n i t i a l l y i n K - l t h a t a r e moved 
fo rward u s i n g t h e p r o p e r t y of l a t e r a l t r a n s f e r a b i l i t y ) . F ind 
a l l a c c e p t a b l e N - c y c l e f i t s . 
F i g u r e 1 1 . The B a s i c S t e p s of t h e KWP. 
BIO 
N=N+1 
Accep t t h e b e s t f i t ( s ) w i t h 
l o w e s t N, a c c o r d i n g t o t h e 
e s t a b l i s h e d c r i t e r i o n , w i t h i n 
t h e N - c y c l e f i t s o b t a i n e d 
f o r N = l , 2 , . . . , MAXN 
B l l 
N=N of b e s t f i t 
Yes 
Try t o d i s t r i b u t e each 
a c c e p t a b l e N - c y c l e f i t 
B15 
For each d i s t r i b u t a b l e f i t o b t a i n i t s 
- dominan t d i s t r i b u t i o n ( s ) 
F i g u r e 1 1 . ( C o n t i n u e d ) . 
B16 
E l i m i n a t e t h o s e N - c y c l e f i t s w i t h h i g h e r 
order of t h e i r dominant d i s t r i b u t i o n ( s ) 
and t h o s e t h a t cannot be d i s t r i b u t e d 
Based on t h e i r dominant d i s t r i b u t i o n s , f o r 
each of t h e remaining N - c y c l e f i t s , c o n s i d e r 
f e a s i b l e N - c y c l e o p t i o n s . Each of t h e s e f i t s 
i s d i s t r i b u t e d i n 1 - c y c l e f i t s and/or N | - c y c l e 
f i t s (N|lt2) . Any 1 - c y c l e f i t i s to be arranged 
i n a c o n v e n t i o n a l s t a t i o n . Any N j - c y c l e f i t 
i s t o be arranged i n a "s imple" N ^ - c y c l e 
p a r a l l e l i n g o p t i o n w i t h NJ n o n - c o n v e n t i o n a l 
s t a t i o n s 
B18 
For each one of t h e remaining N - c y c l e f i t s , 
s e l e c t one N - c y c l e o p t i o n u s i n g the c o s t 
comparison methods 
Ml 
Obtain a f i n a l N - c y c l e o p t i o n by c h o o s i n g 
the one w i t h 
Min c o s t measure 
1 
and/or by mere o r d i n a l comparisons 
F igure 1 1 . ( C o n t i n u e d ) . 
B20 
Arrange the N - c y c l e f i t s i n 
f e a s i b l e "s imple" N - c y c l e 
p a r a l l e l i n g o p t i o n s 
B21 
For each of the N - c y c l e f i t s , s e l e c t 
one f e a s i b l e "s imple" N - c y c l e 
p a r a l l e l i n g o p t i o n u s i n g the c o s t 
comparison methods 
® 
B22 i 
A s s i g n the t a s k s i n v o l v e d i n t h e f i n a l 
o p t i o n s e l e c t e d 
F igure 1 1 . ( C o n c l u d e d ) . 
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minimum number of s t a t i o n s r e q u i r e d to perform the l o n g e s t t a sk f o r 
the d e s i r e d c y c l e t ime ( i n most p r a c t i c a l a p p l i c a t i o n s MAXN should 
probably be 3 , 4 or 5 ) . As a consequence of t h i s , a b a l a n c e w i t h 
more s t a t i o n s than t h e maximum a l l o w a b l e might r e s u l t when the 
c r i t e r i o n cannot be met i n one or more i t e r a t i o n s . 
BIO - I f no a c c e p t a b l e N - c y c l e f i t s are found i n the range (1-MAXN) the 
N*c - Z t i 
f i t ( s ) w i t h minimum ^— found i n t h a t range w i l l be l a b e l l e d 
N*c - Et ' a c c e p t a b l e . " I f s e v e r a l f i t s are t i e d f o r minimum - choose N* c 
t h o s e f o r which N i s l o w e s t . 
B13 -Once a f i t i s found to be a c c e p t a b l e , i t s d i s t r i b u t i o n i n s m a l l e r 
f i t s i s done based on the precedence r e s t r i c t i o n s of the t a s k s i n 
t h e f i t w i t h o u t n e c e s s a r i l y f o l l o w i n g the K-W r u l e of columns. 
B13, B14, B15 and B16 - The c o n c e p t u a l s t e p s are p r e s e n t e d i n the 
diagram; though, i n p r a c t i c e the e a s i e s t way to d e a l w i t h t h e s e 
s t e p s i s as f o l l o w s : Take one of t h e a c c e p t a b l e N - c y c l e f i t s 
N - l 
and t r y t o d i s t r i b u t e i t a c c o r d i n g to t h e 2 - 1 p a t t e r n s , 
s t a r t i n g w i t h t h o s e p a t t e r n s l e a d i n g t o lower order dominant d i s ­
t r i b u t i o n s . For Example, i f a 4 - c y c l e f i t i s be ing d i s t r i b u t e d 
t r y : 
c - c - c - c I f a d i s t r i b u t i o n i s found, t h e order of the 
dominant d i s t r i b u t i o n i s z e r o . I f n o t , t r y : 
2 c - c - c I f a d i s t r i b u t i o n i s found, the order of the 
c - 2 c - c dominant d i s t r i b u t i o n i s two. I f n o t , t r y : 
c - c - 2 c 
3 c - c I f a d i s t r i b u t i o n i s found, the order of the 
c - 3 c dominant d i s t r i b u t i o n i s t h r e e . I f n o t , t r y : 
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2 c - 2 c I f a d i s t r i b u t i o n i s found, t h e order of the 
dominant d i s t r i b u t i o n i s f o u r . I f n o t , i t 
i s an u n d i s t r i b u t a b l e 4 - c y c l e f i t . 
Once a d i s t r i b u t i o n i s found no d i s t r i b u t i o n of h igher order i s 
s o u g h t , a l t h o u g h a d d i t i o n a l d i s t r i b u t i o n s of the same order are 
sought to o b t a i n the comple te s e t mentioned i n B15. 
When d i s t r i b u t i n g another a c c e p t a b l e N - c y c l e f i t , t h e r e i s no 
need to f i n d i t s dominant d i s t r i b u t i o n s when i t becomes c l e a r t h a t 
t h e order of i t s dominant d i s t r i b u t i o n ( s ) i s h i g h e r than t h e order 
of the dominant d i s t r i b u t i o n ( s ) of a p r e v i o u s l y ana lyzed a c c e p t a b l e 
N - c y c l e f i t . 
In t h i s way, the s e t of remaining N - c y c l e f i t s for B17 i s o b t a i n e d 
w i t h l e s s computa t iona l e f f o r t . 
The h e u r i s t i c behind t h i s i s s i m p l e : c o n s i d e r o n l y t h o s e f i t s 
l e a d i n g to N - c y c l e o p t i o n s w i t h the l o w e s t number of non-conven­
t i o n a l s t a t i o n s . 
B17 and B20 - At t h i s p o i n t N - c y c l e o p t i o n s are b e i n g c o n s i d e r e d . I t 
i s the c u l m i n a t i o n of a c h a i n of c o n c e p t s : N - c y c l e f i t s , d i s ­
t r i b u t i o n p a t t e r n s , d i s t r i b u t i o n s , p a r a l l e l i n g o p t i o n p a t t e r n s , 
and p a r a l l e l i n g o p t i o n s . F igure 12 shows how a l l t h e s e are 
l i n k e d t o g e t h e r l e a d i n g to N - c y c l e o p t i o n s . The KWP c o n s i d e r s 
on ly a s u b s e t of s e t I I I , t h a t s u b s e t l e a d i n g to the l o w e s t number 
of n o n - c o n v e n t i o n a l s t a t i o n s . Cost methods are used to choose 
one f i n a l N - c y c l e o p t i o n from t h a t s u b s e t . 
B19 - The methods d e v e l o p e d i n Chapter IV were i n t e n d e d to be used when 
comparing N - c y c l e o p t i o n s arranged from one N - c y c l e f i t . In that 
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I 
Se t of 
D i s t r i b u t a b l e 
N - c y c l e f i t s 
I I I l l IV V 
For each For each For each For each 
f i t , a s e t d i s t r i b u t i o n d i s t r i b u ­ d i s t r i b u ­
of d i s t r i b u ­ p a t t e r n , a s e t t i o n , a s e t t i o n w i t h 
t i o n p a t ­ of p o s s i b l e of p a r a l ­ a s p e c i f i c 
t e r n s . d i s t r i b u ­ l e l i n g p a r a l l e l i n g 
t i o n s o p t i o n o p t i o n 
p a t t e r n s p a t t e r n , 
( f o r the a s e t of 
N'22 f i t s ) N - c y c l e 
i p a r a l l e l ­
in g 
o p t i o n s 
Set of u n d i s t r i b u t a b l e 
N - c y c l e f i t s 
For each 
N - c y c l e 
f i t , a s e t 
of p a r a l ­
l e l i n g 
o p t i o n 
p a t t e r n s 
For each 
p a r a l l e l ­
ing o p ­
t i o n pat­
t e r n , a 
s e t of 
N - c y c l e 
p a r a l l e l ­
in g 
o p t i o n s . 
F igure 12 . From N-Cycle F i t s to N-Cycle Opt ions 
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c a s e t h e problem i s : What i s the b e s t way to arrange a s p e c i f i c 
s e t of t a s k s i n N s t a t i o n s ? When comparing between N - c y c l e o p ­
t i o n s arranged from d i f f e r e n t N - c y c l e f i t s , t h e problem has 
another d imens ion; not o n l y how to a l l o c a t e a s e t of t a s k s i n N 
s t a t i o n s , but a l s o , which t a s k s t o a l l o c a t e ? What i s meant i n 
B19 by " o r d i n a l comparisons" i s t h a t the d e s i g n e r may c l e a r l y 
p r e f e r an N - c y c l e o p t i o n over another because of the s e t of 
t a s k s i n v o l v e d i n each ( t h a t i s , he may p r e f e r t o combine A,B,C 
and D over combining A,B,C,E and F i n t h r e e s t a t i o n s ) . For t h e 
o p t i o n s among which t h e d e s i g n e r cannot d i s c r i m i n a t e based on 
c l e a r p r e f e r e n c e , he would choose the one w i t h minimum 
c o s t measure 
E T . 
1 
L, where the c o s t measure i s e i t h e r the annual e q u i v a ­
l e n t c o s t or t h e c o s t r a t i n g s c o r e . When the c o s t r a t i n g s c o r e i s 
u s e d , i t i s i m p l i c i t e l y assumed t h a t t h e " a r t i f i c i a l benchmark 
o p t i o n " i s e q u i v a l e n t f o r a l l the o p t i o n s . 
F i n a l l y , one word of c a u t i o n w i t h r e s p e c t t o f e a s i b i l i t y . There 
i s no g u a r a n t e e t h a t a t any i t e r a t i o n , f e a s i b l e f i n a l N - c y c l e o p t i o n s 
would be o b t a i n e d ( f e a s i b l e w i th r e s p e c t e d to r e s t r i c t i o n s such as p o s i ­
t i o n a l r e s t r i c t i o n s , g r o u p i n g s , e t c . ) . For example , suppose t h a t B17 
i s e n t e r e d w i t h on ly one 4 - c y c l e f i t w i t h one dominant d i s t r i b u t i o n of 
order 2 , and no f e a s i b l e way or arrang ing t h e t a s k s of the 2 - c y c l e f i t 
i n a 2 - c y c l e p a r a l l e l i n g o p t i o n i s found. In such a c a s e , go back t o 
B13 and t r y a g a i n w i t h the same a c c e p t a b l e 4 c y c l e f i t s , but t h i s 
t ime e n t e r i n g B16 w i t h 4 - c y c l e f i t s w i t h dominant d i s t r i b u t i o n s of 
order 3 ( i f a n y ) . In g e n e r a l , i f f e a s i b i l i t y i s not ach i eved i n a t 
l e a s t one of t h e f i n a l N - c y c l e o p t i o n s t h e n , t h e procedure would be to 
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backtrack to some p r e v i o u s s t e p and s t a r t from t h e r e a g a i n t a k i n g i n t o 
account what has been l e a r n e d from t h e u n f e a s i b l e o p t i o n s . However, one 
t h i n g t h a t t h e d e s i g n e r can do i n advance i s to account f o r the f e a s i ­
b i l i t y of combining the t a s k s of the 1 - c y c l e f i t s i n c o n v e n t i o n a l s t a ­
t i o n s . That i s , i f a d i s t r i b u t i o n w i th p a t t e r n c - c - 2 c i s e n t e r e d i n 
B17, t h e d e s i g n e r would have accounted a t l e a s t f o r the f e a s i b i l i t y of 
t h e c o n v e n t i o n a l s t a t i o n s f o r e s e e n . 
An Example of t h e A p p l i c a t i o n of the S teps 
49 
M i t c h e l l ' s precedence r e l a t i o n s f o r h i s 21 task' example are 
used f o r t h i s example. (A r e a l a p p l i c a t i o n i n which c o s t s can be handled 
e x p l i c i t l y w i l l be p r e s e n t e d i n the n e x t c h a p t e r . ) The c y c l e t ime f o r 
t h e example was s e t a r b i t r a r i l y a t 15 . Task t imes were a s s i g n e d 
randomly t o t h e 21 t a s k s of the example. The d i s t r i b u t i o n of the t a s k 
t i m e s i n ranges was s e t a priori a s f o l l o w s : 
15 t a s k s w i t h 0<t<15 
2 " " 15<t<30 
2 " 1 1 30<t<45 
_ 2 " " 45<t<60 
T o t a l 21 
The procedure f o r randomizat ion was done as f o l l o w s : F i v e boxes w i t h 
numbers were prepared 
Box 1 21 numbers from 1 to 21 
Box 2 15 " " 1 to 15 
Box 3 15 " " 16 t o 30 
Box 4 15 " " 31 t o 45 
Box 5 15 " " 46 t o 60 
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The f o l l o w i n g sampling p r o c e s s was f o l l o w e d : One t a s k t ime v a l u e 
was drawn from box 2 and a s s i g n e d t o a ta sk number drawn l a t e r from 
box 1. This c o n t i n u e d u n t i l 15 numbers had been drawn from each box. 
(Sampling from box 2 was w i t h r e p l a c e m e n t , whereas sampling from box 1 
was w i t h o u t r e p l a c e m e n t . ) The same procedure was used to drawn two t a s k 
t imes from box 3 and a s s i g n them t o two t a s k numbers drawn from box 1. 
The same was done w i t h boxes 4 and 5 drawing two numbers from each . 
Sampling w i t h replacement was used a l s o a t boxes 3 , 4 and 5. The r e s u l t 
of the randomizat ion of t a s k t i m e s i s shown t o g e t h e r w i th the precedence 
diagram i n F i g u r e 1 3 . The n e c e s s a r y p o r t i o n s of t h e K i l b r i d g e and 
Wester t a b l e ( t h e KWP t a b l e ) i s shown i n Table 3 . 
For t h i s example a b a l a n c e was f i r s t o b t a i n e d u s i n g the K i l b r i d g e 
and Wester method en larged w i t h the h e u r i s t i c s proposed by Arcus"^ for 
d e a l i n g w i t h t a s k s l o n g e r than the c y c l e t ime . No c o s t t r a d e - o f f s were 
a n a l y z e d . The o b j e c t i v e was to minimize the number of s t a t i o n s f o r a 
g i v e n c y c l e t ime as i n c o n v e n t i o n a l methods . A 27 s t a t i o n b a l a n c e was 
o b t a i n e d . For a d e s c r i p t i o n of t h i s method s e e Appendix . 
Suppose the d e s i g n e r i s c o n s i d e r i n g the a p p l i c a t i o n of the KWP 
to t h i s problem. F u r t h e r , suppose t h a t he wants a b a l a n c e w i t h a t 
most 26 s t a t i o n s to compare i t w i t h h i s p r e v i o u s 27 s t a t i o n b a l a n c e 
Zt 360 ( t h e minimum t h e o r e t i c a l number of s t a t i o n s i s — = —TT = 24 w i t h I . T . = c 15 
0 ) . For 26 s t a t i o n s the e x p e c t e d p e r c e n t a g e i d l e t ime per s t a t i o n i s 
EITPS = 2 ^ 1 5 " 3 6 0 x 100 = 7.69% 26 x 15 
which l e a d s t o t h e f o l l o w i n g a c c e p t a b i l i t y c r i t e r i a : 
Figure 1 3 . A 21 Task Precedence Diagram. 
Table 3 . The KWP Table for the 21 Task Example 
Column No. Task Task Time Remarks 
I A 7 
I I B 
C 
30 
11 
XI (U) 
> 
I I I D 6 
IV E 
U 
12 
5 —* XII 
V F 
G 
15 
9 
VI H 
N 
44 
3 - > XI (S) 
VII I 50 
V I I I J 
K 
L 
M 
6 
6 
13 
14 X (R,S) 
IX 0 35 
X P 
R 
3 
46 - • X I (S) 
XI Q s 
11 
24 - » XII 
XII T 10 
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1 c y c l e f i t : a c c e p t a b l e f i t i f i d l e t ime of f i t i s <_ 0 .0769x15x1=1 .15 
2 c y c l e f i t : a c c e p t a b l e f i t i f i d l e t ime of f i t i s £ 0 . 0 7 6 9 x 1 5 x 2 = 2 . 3 1 
3 c y c l e f i t : a c c e p t a b l e f i t i f i d l e t ime of f i t i s £ 0 . 0 7 6 9 x 1 5 x 3 = 3 . 4 6 
4 c y c l e f i t : a c c e p t a b l e f i t i f i d l e t ime of f i t i s <_ 0 .769x15x4=4 .61 
Because of the i n t e g e r v a l u e s of the t a s k t imes i n the example the r e ­
s u l t i n g numbers are rounded down for p r a c t i c a l purposes to the n e a r e s t 
s m a l l e r i n t e g e r . 
F u r t h e r , suppose the d e s i g n e r wants to l i m i t the s e a r c h for 
a c c e p t a b l e N - c y c l e f i t s t o a t most 4 - c y c l e f i t s (MAXN = 4 ) . Now he i s 
ready to s t a r t the f i r s t i t e r a t i o n . 
I t e r a t i o n 1 
The o n l y 1 - c y c l e f i t i s T r a n s f e r r i n g t a s k s does not p r o ­
v i d e for o t h e r f i t s . This f i t has I . T . --8> 1 , so i t i s not 
a c c e p t a b l e . By moving t a s k B to I I I the b e s t 2 - c y c l e f i t found 
i s ^ . , C , D ^ w i t h I . T . = 3 0 - 2 4 = 6 > 2 , and i t i s not a c c e p t a b l e . 
By moving t a s k B t o V and t a s k U t o XI the 3 - c y c l e f i t { A , C , D , 
E , G J becomes a v a i l a b l e . This f i t has I . T . = 45 - 45 = 0 < 3 , 
so i t i s a c c e p t a b l e . No o t h e r a c c e p t a b l e 3 - c y c l e f i t i s found. 
The precedence r e l a t i o n s f or <£A, C , D , E , G ^ a r e 
7 11 6 12 9 0 < C ) _ ^ D ) < E ) _ ^ 0 
D i s t r i b u t i o n s of t h e f i t : 
p a t t e r n c - c - c no d i s t r i b u t i o n s found 
p a t t e r n 2 c - c no d i s t r i b u t i o n s found 
p a t t e r n c - 2 c no d i s t r i b u t i o n s found 
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N e x t , arrange the 3 - c y c l e f i t i n f e a s i b l e 3 - c y c l e p a r a l l e l i n g 
o p t i o n s . Suppose the d e s i g n e r a f t e r s c r e e n i n g i s l e f t w i t h : 
P . O . 1 
P . O . 2 
The d e s i g n e r then u s e s one of the c o s t methods deve loped t o s e l e c t 
one of t h e P . O . f s . Suppose he s e l e c t s P . O . 1 . 
D e c i s i o n I t e r a t i o n 1: Move t a s k s B to V,U t o VI. 
A s s i g n t a s k s | A , C , D , E , G ^ to P . O . 1 . 
S t a t i o n s so f a r a s s i g n e d : 3 I d l e t ime c a r r i e d : 0 
Af ter I t e r a t i o n 1 , the s i t u a t i o n i n t h e K W P t a b l e i s shown i n 
Table 4 . 
I t e r a t i o n 2 
The o n l y 1 - c y c l e f i t i s £ F J . I t has I . T . = 0 , so i t i s a c c e p t a b l e . 
No o t h e r a c c e p t a b l e 1 - c y c l e f i t i s found. T r a n s f e r r i n g t a s k s does 
not p r o v i d e f o r o t h e r 1 - c y c l e f i t s . 
In t h i s c a s e t h e r e i s on ly one 1 - c y c l e o p t i o n and i t i s c h o s e n . 
D e c i s i o n I t e r a t i o n 2: a s s i g n t a s k F to a c o n v e n t i o n a l s t a t i o n . 
1 / j ^ a , c , d , e , g ; 
1 /3 (A ,C ,D ,E ,F) 
1 /3(A,C,D,E,G) 
\ ACDEG J 
1 / 2 ( A , C , D ) , 1 / 4 ( E ) 
1 / 2 ( A , C , D ) , 1 / 4 ( E ) 
ACDE 
ACD 
ACDE 
ACEDG 
Table 4 . The KWP Table for t h e 21 Task Example A f t e r I t e r a t i o n 
Column No. Task Task Time Remarks 
I A 
I I - fi 
C 
30 • 
Xi -i 
I I I D 
IV E 
- tf-
_ _ 
- -*+-XrT 
V F 
G 
B 
15 
30 - • X I (U) 
VI H 
N 
U 
44 
3 
5 
-* XI (S) 
-» XII 
VII I 50 
VII I J 
K 
L 
M 
6 
6 
13 
14 - * X (R,S) 
IX 0 35 
X P 
R 
3 
46 XI (S) 
XI Q 
s 
11 
24 - * XII 
XII T 10 
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S t a t i o n s so f a r a s s i g n e d : 4 . I d l e t ime c a r r i e d : 0. 
I t e r a t i o n 3 
The b e s t 1 - c y c l e f i t , o b t a i n e d by t r a n s f e r r i n g t a s k B to VI and 
t a s k U t o VII i s ^N^ w i t h I . T . = 1 2 , and i t i s not a c c e p t a b l e . 
The on ly 2 - c y c l e f i t o b t a i n e d i s { B } w i t h I . T . = 30 - 30 = 0, so 
i t i s a c c e p t a b l e . T r a n s f e r r i n g t a s k s does not p r o v i d e f o r o ther 
2 - c y c l e f i t s . 
No d i s t r i b u t i o n i s p o s s i b l e f o r such a 2 - c y c l e f i t . 
The f o l l o w i n g P.O. i s c h o s e n : 
/ 1 1 /2 (B) 
^ J 1 / 2 ( B ) 
D e c i s i o n I t e r a t i o n 3 : a s s i g n t a s k B t o p a r a l l e l s t a t i o n s . 
S t a t i o n s so f a r a s s i g n e d : 6 I d l e t ime c a r r i e d : 0 
Af ter I t e r a t i o n 3 t h e s i t u a t i o n i n t h e t a b l e i s shown i n Table 5, 
I t e r a t i o n 4 
No a c c e p t a b l e 1 - c y c l e f i t s or 2 - c y c l e f i t s were found, not even 
by t r a n s f e r r i n g t a s k s . 
The o n l y 3 - c y c l e f i t found was | H J . w i t h I . T . = 45 - 44 = 1 < 3 , 
so i t i s a c c e p t a b l e . 
No d i s t r i b u t i o n i s p o s s i b l e for such a 3 - c y c l e f i t . 
The f o l l o w i n g P.O. i s chosen: 
V 
- j l / 3 ( H ) 
* ( l / 3 ( H ) 
• H l / 3 ( H ) y 
Table 5 . The KWP Table for the 21 Task Example Af ter I t e r a t i o n 3 
Column No. Task Task Time Remarks 
I A 
I I -
C 
3 e 
Mr 
» - x i 
I I I D 
IV E Mr 
V F 
G 
B — XI (U) 
VI H 
N 
U 
4 4 
3 
5 
— XI (S) 
— XII 
VII I 5 0 
VIII J 
K 
L 
M 
6 
6 
1 3 
1 4 — X (R,S) 
IX 0 3 5 
X P 
R 
3 
4 6 — XI (S) 
XI Q 
S 
1 1 
2 4 — XII 
XII T 1 0 
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D e c i s i o n I t e r a t i o n 4: a s s i g n t a s k H to p a r a l l e l s t a t i o n s . 
S t a t i o n s so far a s s i g n e d : 9 I d l e t ime c a r r i e d : 1 
The 1 - c y c l e f i t s 4 N L , < U V and <N,U> are not a c c e p t a b l e . No o t h e r 
1 - c y c l e f i t was found. 
No 2 - c y c l e f i t s or 3 - c y c l e f i t s were found. 
The f o l l o w i n g a c c e p t a b l e 4 - c y c l e f i t s were found: 
{ N , U , I J w i t h I . T . = 2 
[ l , j } w i t h I . T . = 4 (by moving U to V I I I ) 
{ I , K } w i t h I . T . = 4 (by moving U t o V I I I ) 
{ N , I , J } w i t h I . T . = 1 (by moving U t o V I I I ) 
{ N , I , K } w i t h I . T . = 1 (by moving U to V I I I ) 
No d i s t r i b u t i o n i s p o s s i b l e for any of the f i t s because of the 
l o n g t a s k I i n v o l v e d i n a l l of them. 
The n e x t s t e p s a r e , based on the precedence r e l a t i o n s : 
-Arrange t h e f i t s i n f e a s i b l e 4 - c y c l e p a r a l l e l i n g o p t i o n s . 
- D e c i d e for one 4 - c y c l e p a r a l l e l i n g o p t i o n from each f i t . 
-Choose one f i n a l P.O. by Min. Cost measure and/or o r d i n a l 
compar i sons . 
Suppose ^ N , U , I ^ i s not f e a s i b l e t o be arranged i n a 4 - c y c l e 
p a r a l l e l i n g o p t i o n and t h a t the f o l l o w i n g p a r a l l e l i n g o p t i o n s 
are chosen f o r each of t h e o t h e r f i t s : 
I t e r a t i o n 5 
Zt . 
l 
7 2 
F i t 
50 6 ©—© 
F i t [N,I,jJ 
50 © <D 
Fit { I , K \ 
©—<D 
F i t { N , I , 4 
©—<D 
3 
3 / 1 0 ( 1 ) 
3 / 1 0 ( 1 ) 
\ 
3 / 1 0 ( 1 ) 
• M / 1 0 ( I ) , J IJ 
3 / 1 0 ( 1 ) 
3 / 1 0 ( 1 ) 
3 / 1 0 ( 1 ) 
1 / 1 0 ( J ) , J , N U N 
The P . O . i s s i m i l a r to the one r e p r e s e n t e d 
for t h e f i t ^I.jJ 
Suppose a l s o t h a t 
!or^N,I,K^ 
The P . O . i s s i m i l a r to t h e one r e p r e s e n t e d 
for the f i t | N , I , J | 
c o s t measure . . . „ ,̂ n , — i s minimum f o r the P . O . chosen 
D e c i s i o n I t e r a t i o n 5: Move t a s k U to V I I I . 
A s s i g n t a s k s | N , I , K ^ t o the P . O . chosen. 
S t a t i o n s so f a r a s s i g n e d : 13 I d l e t ime c a r r i e d : 2 
A f t e r I t e r a t i o n 5 the s i t u a t i o n i n the t a b l e i s shown i n Table 
I t e r a t i o n 6 
One a c c e p t a b l e 1 - c y c l e f i t i s found, w i t h I . T . = 1 . 
The s i t u a t i o n i s s i m i l a r to the s i t u a t i o n w i t h I t e r a t i o n 2 . 
D e c i s i o n I t e r a t i o n 6: A s s i g n t a s k M to a c o n v e n t i o n a l s t a t i o n 
S t a t i o n s so f a r a s s i g n e d : 14 I d l e t ime c a r r i e d : 3 
I t e r a t i o n 7 
The b e s t 1 - c y c l e f i t L w i t h I . T. = 2 , i s not a c c e p t a b l e . 
No a c c e p t a b l e 2 - c y c l e f i t s or 3 - c y c l e f i t s were found. 
Two a c c e p t a b l e 4 - c y c l e f i t s were found: 
J , L , U , o V w i t h I . T . = 1 
| j , L , 0 , P ^ w i t h I . T . = 3 (by moving U to X) 
The precedence r e l a t i o n s : 
p a t t e r n c - c - c - c not p o s s i b l e 
p a t t e r n 2 c - c - c not p o s s i b l e 
p a t t e r n c - 2 c - c not p o s s i b l e 
p a t t e r n c - c - 2 c not p o s s i b l e 
Table 6 . The KWP Table f o r the 21 Task Example A f t e r I t e r a t i o n 5 
Column No. Task Task Time Remarks 
I A 
I I -B 
C 
m 
I I I D J*-
IV E 
_ u ^% -
V F 
G 
B 
25 
- X I (U) 
VI H 
N 
-U 
> r 
- X I (S) 
VII I 
VIII J 
K 
L 
M 
U 
6 
13 
14 
5 
- X ( R , S ) 
— XII 
IX 0 35 
X p 
R 
3 
46 - X I ( S ) 
XI Q 
s 
11 
24 — XII 
XII T 10 
75 
p a t t e r n 3 c - c not p o s s i b l e 
p a t t e r n c - 3 c not p o s s i b l e 
p a t t e r n 2 c - 2 c not p o s s i b l e 
For the f i t £ j , L , 0 , P ^ t h e d i s t r i b u t i o n -^L^ - ^ J , 0 , P ^ i s p o s s i b l e 
(a 1 - c y c l e f i t f o l l o w e d by a 3 - c y c l e f i t ) . This i s the dominant 
d i s t r i b u t i o n ( t h e on ly one) f o r the f i t . 
The nex t s t e p s are to c o n s i d e r f e a s i b l e 4 - c y c l e o p t i o n s and to 
choose one by c o s t compar i sons . Suppose the chosen 4 - c y c l e o p t i o n 
i s : 
L 1 / 2 ^ , 2 / 3 ( 0 ) ] ! - ^ ^ 
1 / 2 ^ , 2 / 3 ( 0 ) , LJO t - /3 (0) ,P 
LJOP 
D e c i s i o n I t e r a t i o n 7: Move U t o X. A s s i g n t a s k s £ L , J , 0 , P ^ to 
the 4 - c y c l e o p t i o n above . 
S t a t i o n s so f a r a s s i g n e d : 18 I d l e t ime c a r r i e d : 6 
A f t e r I t e r a t i o n 7 the s i t u a t i o n i n t h e t a b l e i s shown i n Table 7. 
I t e r a t i o n 8: 
No a c c e p t a b l e N - c y c l e f i t s are found f o r N = 1 , 2 , or 3 . 
The 4 - c y c l e f i t * { R ,Q^ w i t h I . T . = 6 0 - 57 = 3 < 4 i s a c c e p t a b l e . 
To o b t a i n t h i s f i t , i t was n e c e s s a r y to t r a n s f e r U to XI. I t 
i s the on ly a c c e p t a b l e 4 - c y c l e f i t o b t a i n e d , and i t cannot be 
d i s t r i b u t e d . 
Suppose t h a t 4 p a r a l l e l s t a t i o n s were chosen as the f i n a l 4 - c y c l e 
p a r a l l e l i n g o p t i o n : 
Table 7 . The KWP Table for the 2 1 Task Example A f t e r I t e r a t i o n 
Column No. Task Task Time Remarks 
I A 
I I S> 
C 
- 30. - MXI* (-«)--
I I I D 
IV E 
-U 5 W H - -
V F 
G 
B 
¥5 
- X I (U) 
VI H 
N 
- U 
- X I (S) 
- M I 
VII I 
VIII J 
K 
L 
M 
-y — 
& 
XT 
v< 
- -5 
— X (R,S) 
IX 0 
X p 
R 
u 
4 6 
5 
- XI (S) 
— XII 
XI Q 
s 
1 1 
2 4 -* XII 
XII T 1 0 
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M 1 / 4 ( R , Q ) 
Y — I / 4 ( R , Q ) 
S 9 4 1 / 4 ( R , Q ) 
\ 1 / 4 ( R , Q ) 
D e c i s i o n I t e r a t i o n 8 : Move t a s k U to XI. A s s i g n R and Q to 
four p a r a l l e l s t a t i o n s . 
S t a t i o n s so f a r a s s i g n e d : 2 2 I d l e t ime c a r r i e d : 9 
I t e r a t i o n 9 : 
An a c c e p t a b l e 1 - c y c l e f i t i s found a f t e r t r a n s f e r r i n g t a s k S to 
XII i t i s [ U , T 1 . w i t h I . T . = 0 . 
The f i t i s a s s i g n e d to a c o n v e n t i o n a l s t a t i o n . 
D e c i s i o n I t e r a t i o n 9 : Move t a s k S to X I I . A s s i g n t a s k s U and 
T to a c o n v e n t i o n a l s t a t i o n . 
S t a t i o n s so f a r a s s i g n e d : 2 3 I d l e t ime c a r r i e d : 6 
I t e r a t i o n 1 0 : 
There i s o n l y one t a s k remain ing , t a s k S. I t i s arranged i n two 
p a r a l l e l s t a t i o n s . 
1 / 2 ( S ) 
1 / 2 ( S ) 
D e c i s i o n I t e r a t i o n 1 0 : A s s i g n t a s k S to two p a r a l l e l s t a t i o n s . 
S t a t i o n s so f a r a s s i g n e d : 2 5 I d l e t ime c a r r i e d : 1 5 
Note t h a t the number of s t a t i o n s o b t a i n e d ( 2 5 ) i s one l e s s than 
the t a r g e t f o r the problem. 
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Summary 
The o b j e c t i v e of t h e method deve loped i s to o b t a i n a b a l a n c e 
w i t h i n a maximum a l l o w a b l e number of s t a t i o n s w h i l e t end ing t o minimize 
t h e c o s t s of t h e l i n e . The method u s e s t o o l s deve loped by K i l b r i d g e 
and Wester f o r t h e i r l i n e b a l a n c i n g method. At the b e g i n n i n g of each 
i t e r a t i o n , N - c y c l e f i t s are sought u s i n g K i l b r i d g e and W e s t e r ' s r u l e 
of columns and t h e p r o p e r t i e s of p e r m u t a b i l i t y w i t h i n columns and 
l a t e r a l t r a n s f e r a b i l i t y . 
A c r i t e r i o n l i m i t i n g the i d l e t ime per s t a t i o n a s s i g n e d i n each 
i t e r a t i o n i s s t a t e d . In order to a c h i e v e t h i s c r i t e r i o n , p a r a l l e l i n g 
i s an a l l o w e d a l t e r n a t i v e . The c h e a p e s t way of a c h i e v i n g the c r i t e r i o n 
i s s o u g h t , even i f p a r a l l e l i n g i s n e c e s s a r y i n order to do s o . 
The c o n c e p t s of d i s t r i b u t i o n s , d i s t r i b u t i o n p a t t e r n s , semi-domi­
nant d i s t r i b u t i o n s , dominant d i s t r i b u t i o n s and order were p r e s e n t e d . 
The aim i s t o o r g a n i z e and gu ide t h e s e a r c h f o r dominant N - c y c l e o p t i o n s 
a t each i t e r a t i o n . Cost comparison methods and h e u r i s t i c s are then 
used to s e l e c t a f i n a l o p t i o n . 
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CHAPTER VI 
APPLICATION OF THE KWP TO A REAL PROBLEM 
The Product 
The assembly of a Windsor s i d e c h a i r i s used to demonstrate the 
method. The c h a i r i s b e i n g assembled ( a t the t ime of t h i s r e s e a r c h ) by 
a company l o c a t e d approx imate ly 30 m i l e s from downtown A t l a n t a . The 
p r o d u c t i o n sys tem i s an unpaced assembly l i n e . 
The p a r t s of t h e c h a i r a r e manufactured o u t s i d e the Uni ted S t a t e s 
and a r e imported f o r as sembly . The p a r t s may be d i v i d e d i n two c l a s s e s : 
(a) Those t o be i n c o r p o r a t e d i n the l e g s a s sembly , and (b) Those to 
be i n c o r p o r a t e d i n the s e a t as sembly . F igure 14 shows the assembled 
produc t . 
P r o c e s s Data 
This s e c t i o n p r e s e n t s the t a s k s to be performed w i t h t h e i r p e r ­
formance t i m e s and t h e major equipment and t o o l s needed for the assembly . 
No recorded data on e i t h e r average or s tandard t imes was a v a i l a b l e . 
Furthermore, no s tandard method was b e i n g employed. The average t i m e s 
p r e s e n t e d here are t h e r e s u l t of a s e r i e s of d i r e c t o b s e r v a t i o n s of the 
t a s k s and t h e i r measurement w i t h a hand watch . The t imes are a p p r o x i ­
mate , r a t h e r than the product of a formal s t a t i s t i c a l s t u d y . Table 8 
p r e s e n t s t h e p r o c e s s d a t a . 
BACK DOWELS 
BACK TRAVERSE 
SIDE TRAVERSE 
SEAT 
LEG 
Figure 14 . Windsor Side Chair . 
81 
Table 8 . P r o c e s s Data f o r the Windsor Chair 
Task 
Symbol Task D e s c r i p t i o n 
Approx. Avg, 
Time ( s e c ) Equipment 
A 
B 
C 
Dl 
D2 
E 
F 
K 
M 
Glue 8 dowel h o l e s i n the s e a t 
Assemble 8 back dowels to s e a t 
(4 p a i r s of d i f f e r e n t l e n g t h ) 
Glue 8 h o l e s of the arc 
Glue 2 arc h o l e s i n s e a t 
Assemble arc t o s e a t and dowels 
P r e s s arc i n s e a t and dowels 
Sea l 2 h o l e s i n bottom of s e a t 
w i t h s m a l l wood p l u g s 
Trim wood p l u g s 
S t a i n wood p l u g s 
Glue 4 h o l e s i n two back l e g s 
Assemble 2 back l e g s t o g e t h e r w i t h 
back t r a v e r s e 
Glue 2 h o l e s i n 2 s i d e t r a v e r s e s 
Assemble 2 s i d e t r a v e r s e s 
w i t h c e n t e r t r a v e r s e 
Glue h o l e s i n 2 f r o n t l e g s 
12 
33 
11 
5 
21 
23 
12 
5 
5 
15 
23 
17 
12 
N Assemble p i e c e from t a s k L t o 
2 f r o n t l e g s 13 
Bench 
Bench 
Bench 
Bench 
Bench 
P r e s s 
Stand 
H o r i z o n t a l 
b lade t a b l e 
Stand 
Bench & 
Wood 
Support 
Bench & 
Wooden 
Frame 
Bench & 
Wood 
Support 
Bench & 
Wooden 
Frame 
Bench & 
Wood 
Support 
Bench & 
Wooden 
Frame 
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Table 8 . (Continued) 
Task 
Symbol Task D e s c r i p t i o n 
Approx. Avg. 
Time ( s e c ) Equipment 
0 Assemble t h e p i e c e r e s u l t i n g 
from t a s k J w i t h the p i e c e r e ­
s u l t i n g from task N 
P Glue 4 h o l e s i n bottom of s e a t 
Q Assemble t h e l e g s sub-assembly 
t o the s e a t sub-assembly 
R D r i l l 4 h o l e s , one through each 
l e g and p e n e t r a t i n g the s e a t 
Screw 4 s c r e w s , one i n each 
d r i l l e d h o l e 
T S t a i n the j o i n t s l e g - s e a t 
U S t a p l e the 8 j o i n t s i n the 
l e g s sub-assembly 
V L e v e l t h e c h a i r l e g s 
W C l e a n - S t a i n - I n s p e c t 
X P l a c e coarrugated paper on c h a i r 
Y Dr ive 4 t a c k s , one i n bottom of 
each l e g 
ZI Set up p r o t e c t i v e c a r t o n 
(one per two c h a i r s ) 
Z2 P l a c e p r o t e c t i v e c a r t o n i n box 
(once per two c h a i r s ) 
Z3 P l a c e c h a i r i n box and c l o s e box 
(two c h a i r s i n one box) 
13 
11 
15 
14 
26 
27 
11 
15 
60 
25 
24 
20 
2 ^ = 10 
10 
2 
12 
= 5 
Bench & 
Wooden 
Frame 
Stand 
Stand 
P o r t a b l e 
compressed 
a i r d r i l l & 
Stand 
P o r t a b l e 
compressed 
a i r 
s c r e w d r i v e r & 
Stand 
Stand 
Automatic 
S t a p l e r & 
Bench or 
Stand 
H o r i z o n t a l 
Blade Table 
Bench & 
Stand 
Stand 
Tape Mach.& 
Bench 
Tape Mach. 
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The Precedence Diagram 
F igure 15 shows a precedence diagram f o r the t a s k s d e s c r i b e d 
above . Due t o t h e n a t u r e of some of the t a s k s , i t i s p r e f e r a b l e f o r 
some s e t s of t a s k s t o be performed at the same work s t a t i o n . This i s 
t h e c a s e w i t h the t a s k s t h a t comprise g l u i n g and subsequent a s sembly , 
t h e s e a r e : 
Symbol of the Tasks Symbol of the Approx. Avg. Time 
Grouped Task 
A and B (A,B) 45 
C, Dl and D2 (C,D) 37 
K and L (K,L) 25 
M and N (M,N) 25 
I , J and 0 ( I , J , 0 ) 51 
P and Q (P,Q) 26 
A l s o , i t i s p r e f e r a b l e t o perform W,T, and H a t the same work s t a t i o n . 
The grouped t a s k w i l l be r e p r e s e n t e d by (W,T,H) and i t s approximate 
average t ime w i l l be 90 s e c o n d s . F i n a l l y , i t i s l o g i c a l f o r Z2 t o be 
performed t o g e t h e r w i t h Z3. 
The new precedence diagram, a f t e r group ing , i s shown i n F igure 
16 . 
No o t h e r a b s o l u t e r e s t r i c t i o n s are s t a t e d a pviovi. I t i s 
u n d e r s t o o d , however , t h a t working on t a s k s r e l a t e d to t h e two d i f f e r ­
ent major s u b - a s s e m b l i e s ( s e a t and l e g s ) a t t h e same work s t a t i o n may 
be v e r y u n d e s i r a b l e . In g e n e r a l f o r a work s t a t i o n , combinat ions of 
t a s k s performed on t h e same sub-assembly w i l l be p r e f e r r e d over combina­
t i o n s of t a s k s i n v o l v i n g both s u b - a s s e m b l i e s . 
Figure 15 . Precedence Diagram of the Windsor Chair (Before Grouping) . 
Figure 16. Precedence Diagram of the Windsor Chair (Af ter Grouping) . 
The KWP Table 
The KWP Appl ied 
The example w i l l be ba lanced for a c y c l e t ime c = 30 s e c o n d s . 
With t h i s c y c l e t ime t h e minimum number of s t a t i o n s a c h i e v a b l e i s 
Z t 481 
— = —TT: = 1 6 . 0 3 or 17 s t a t i o n s , c 30 
By a p p l y i n g an enlargement of the K i l b r i d g e and Wester method 
d e s c r i b e d i n the Appendix, i n which COMSOAL's h e u r i s t i c s f o r t a s k s 
l o n g e r than the c y c l e t ime are i n c o r p o r a t e d , a b a l a n c e of 19 s t a t i o n s 
was o b t a i n e d when a t a r g e t of 18 s t a t i o n s was employed (18 s t a t i o n s 
r e p r e s e n t s approx imate ly 11 p e r c e n t i d l e t i m e ) . 
An a l l o w a b l e maximum of 18 s t a t i o n s was e s t a b l i s h e d for the 
a p p l i c a t i o n of the KWP. Based on t h i s t a r g e t , t h e c r i t e r i o n f o r maxi ­
mum p e r c e n t a g e i d l e t ime i n an N - c y c l e f i t i s : 
v T r p 18x30-481 i f\r\ i p. O o v max % I . T . = — , 0 — x 100 = 10.9% 18x30 
which r e s u l t s i n t h e f o l l o w i n g . . . 
-A 1 - c y c l e f i t i s a c c e p t a b l e i f I . T . . 109x30=3 .27 or 3 ( s e c . ) 
-A 2 - c y c l e f i t i s a c c e p t a b l e i f I . T . . 109x60=6 .54 or 6 ( s e c . ) 
-A 3 - c y c l e f i t i s a c c e p t a b l e i f I . T . . 1 0 9 x 9 0 = 9 . 8 1 or 9 ( s e c . ) 
-A 4 - c y c l e f i t i s a c c e p t a b l e i f I . T . . 109x120=13 .08 or (13 ( s e c , 
MAXN i s s e t equa l t o 4 . 
I t e r a t i o n 1 
The b e s t 1 - c y c l e f i t found i s ^K»I^ w i t h I . T . = 5 . I t i s not 
From t h e precedence diagram, the KWP t a b l e was deve loped as 
shown i n Table 9 . 
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Table 9 . The KWP Table f o r the Windsor Chair 
Column 
N. Legs 
Tasks 
Other Seat 
Task 
Times Remarks 
I 
(K,L) 
ZI 
(A,B) 45 
25 
10 
- I I I ( ( M , N ) , ( I , J , 0 ) ,U) 
— XI 
I I 
(M,N) 
(C,D) 37 
25 - I V ( ( I , J , 0 ) , U ) 
I I I 
( I , J , 0 ) 
E 23 
51 - V ( U ) 
IV 
U 
F 12 
11 — X 
V G 5" 
VI (P,Q) 26 
VII R 14 
VIII CO
 
26 
IX V 15 
X Y 24 
XI (W,T,H) 90 
XII X 25 
XIII (Z2,Z3) 17 
a c c e p t a b l e . Moving t a s k s does not l e a d to o t h e r 1 - c y c l e f i t s . 
The f i t ^(A,B) ,Z1^ i s a 2 - c y c l e f i t w i t h I . T . = 60 - 45 - 10 = 5 
I t i s a c c e p t a b l e . No o t h e r a c c e p t a b l e 2 - c y c l e f i t i s found, not 
even by t r a n s f e r r i n g e l e m e n t s . 
45 
10 
The precedence r e l a t i o n s a r e : 
No d i s t r i b u t i o n of t h i s 2 - c y c l e f i t i s p o s s i b l e . 
Arranging the f i t i n f e a s i b l e 2 - c y c l e o p t i o n s y i e l d s : 
P.O. 1 
1/2 [(A,B) ,Z l j ~ \ ABZ1 
l / 2 [ ( A , B ) , Z l ) ) - - ^ 
P.O. 2 
1 / 3 ( A , B ) , Z 1 ABZ1' 
2 /3 (A ,B) 
AB 
S c r e e n i n g : There i s no major d i f f e r e n c e i n c o s t between t h e s e 
p a r a l l e l i n g o p t i o n s . D u p l i c a t i n g a tape machine f o r Zl seems 
t r i v i a l . (The p o s s i b i l i t y a l s o e x i s t s of s h a r i n g one tape 
m a c h i n e ) . P.O. 2 , however, i s a more complex o p t i o n . 
t o the P.O. 1 shown D e c i s i o n I t e r a t i o n 1: a s s i g n ^(A,B) ,Z1^ 
above . 
S t a t i o n s a s s i g n e d so f a r : 2 I . T . incurred so f a r : 5 
e r a t i o n 2 
The o n l y 1 - c y c l e f i t i s £ ( K , L ) J w i t h I . T . = 5. I t i s not a c c e p t 
a b l e . 
By t r a n s f e r r i n g : (K,L) to I I I , (M,N) to IV, ( I , J , 0 ) t o V, and 
U t o VI, an a c c e p t a b l e 2 - c y c l e f i t i s found, i t i s £ (C ,D) ,E^ 
w i t h I . T . = 60 - 37 - 23 = 0. No o t h e r a c c e p t a b l e 2 - c y c l e f i t 
i s found. 
The precedence r e l a t i o n s for the a c c e p t a b l e f i t : 
37 23 
No d i s t r i b u t i o n of t h i s f i t i s p o s s i b l e . 
Arranging t h e f i t i n 2 - c y c l e p a r a l l e l i n g o p t i o n s : 
P.O. 1 
j . . r . — : — n 
\ CDE 1/2 [(C,D),E] 
1 /2 [ (C,D) ,E] 
P.O. 2 
30 /37 (C,D) CD 
7 / 3 7 ( C , D ) , E CDE 
S c r e e n i n g : There i s a h igh c o s t (approx imate ly $2 ,000 ) for dupl 
e a t i n g t h e p r e s s f o r E. A l s o , the wages pa id for E are h i g h e r 
than t h o s e pa id f o r (C,D) (approx imate ly $ 4 . 6 0 / h o u r v e r s u s $4 
h o u r ) . These c o n s i d e r a t i o n s are s u f f i c i e n t to p r e f e r P.O. 2 
o v e r P.O. 1 . 
D e c i s i o n I t e r a t i o n 2 : move (K,L) to I I I , (M,N) to IV, 
( I , J , 0 ) to V, and U to VI. 
A s s i g n -£(C,D),E^to P.O. 2 shown above . 
S t a t i o n s so far a s s i g n e d : 4 I . T . incurred so f a r : 5 
The s i t u a t i o n i n the KWP t a b l e i s shown i n Table 1 0 . 
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Table 1 0 . The KWP Table for the Windsor Chair Af ter I t e r a t i o n 2 
Column Tasks Task 
N. Legs Other Seat Times Remarks 
i ( A , B ) J&* 
— - ^ i * ( * , * ) r ( i * J * * » T r » > -
zi J-O- — xi 
I I (C,D) 
-4M-,s)- 25 fr/Hi-rJreHu*-
i n E 
m , - ^ , ^ ^ - ^ ( # ) 
(K,L) 25 
IV F 12 
(M,N) 25 
V G 5 
( I , J , 0 ) 51 
VI (P ,Q) 26 
U 11 - X 
TLI R 14 
V I I I S 26 
IX V 15 
X Y 24 
XI (W,T,H) 90 
XII X 25 
XIII (Z2,Z3) 17 
90 
I t e r a t i o n 3 
The o n l y 1 - c y c l e f i t i s £ (K,L)^with I . T . = 5. I t i s not a c c e p t ­
a b l e . 
The o n l y 2 - c y c l e f i t i s | ( K , L ) , F ^ w i t h I . T . = 60 - 25 - 12 = 23 . 
I t i s not a c c e p t a b l e . 
The b e s t 3 - c y c l e f i t i s £ ( K , L ) , F , ( M , N ) w i t h I . T . = 90 - 25 -
12 - 25 - 5 = 2 3 . I t i s not a c c e p t a b l e . 
The b e s t 4 - c y c l e f i t i s [ ( K , L ) , F , ( M , N ) , G , ( I , J , 0 ) ^ w i t h I . T . = 
120 - 25 - 12 - 25 - 5 - 51 = 2 . I t i s a c c e p t a b l e . 
The precedence r e l a t i o n s for the a c c e p t a b l e f i t : 
12 5 
25 25 51 
(K.L ) ) * ( I , J , 0 ^ 
D i s t r i b u t i o n p a t t e r n s for the f i t : 
p a t t e r n c - c - c - c no d i s t r i b u t i o n i s p o s s i b l e 
p a t t e r n 2 c - c - c no d i s t r i b u t i o n i s p o s s i b l e 
p a t t e r n c - 2 c - c no d i s t r i b u t i o n i s p o s s i b l e 
p a t t e r n c - c - 2 c no d i s t r i b u t i o n i s p o s s i b l e 
p a t t e r n 3 c - c no d i s t r i b u t i o n i s p o s s i b l e 
p a t t e r n c - 3 c no d i s t r i b u t i o n i s p o s s i b l e 
p a t t e r n 2 c - 2 c no d i s t r i b u t i o n i s p o s s i b l e 
Next i s t o arrange the f i t i n 4 - c y c l e p a r a l l e l i n g o p t i o n s . In 
a l l of t h e s e p a r a l l e l i n g o p t i o n s t h e r e would be a t l e a s t one 
s t a t i o n i n which t a s k s on both the s e a t and l e g s s u b - a s s e m b l i e s 
would be performed. I t i s p r e f e r a b l e t o avo id t h i s , e s p e c i a l l y 
i n the mids t of a 4 - c y c l e p a r a l l e l i n g o p t i o n . So the a c c e p t a b l e 
9 1 
4 - c y c l e f i t w i l l be t r e a t e d as i n f e a s i b l e . 
Another a c c e p t a b l e 4 - c y c l e f i t i s found. I t i s | ( K , L ) , F , ( M , N ) , 
( I , J , 0 ) } w i t h I . T . = 1 2 0 - 2 5 = 1 2 = 2 5 = 5 1 = 7 . 
The precedence r e l a t i o n s a r e : 
©1! 
G 2 5 2 5 5 1 
(k>l )—non—ct,j ,o ) 
The dominant d i s t r i b u t i o n f o r t h i s f i t corresponds t o a c - 3 c 
p a t t e r n . I t i s | ( K , L ) J - £ F , ( M , N ) , ( I , J , 0 ) | . Th i s d i s t r i b u t i o n 
l e a d s t o a c o n v e n t i o n a l s t a t i o n and a 3 - c y c l e p a r a l l e l i n g o p t i o n 
where s e a t o p e r a t i o n s are performed t o g e t h e r w i t h l e g s opera ­
t i o n s i n a t l e a s t one s t a t i o n . No o t h e r d i s t r i b u t i o n of t h i s 
f i t i s p o s s i b l e . This a c c e p t a b l e 4 - c y c l e f i t w i l l a l s o be 
t r e a t e d as i n f e a s i b l e . 
No f e a s i b l e a c c e p t a b l e N - c y c l e f i t was found. The b e s t non-
a c c e p t a b l e N - c y c l e f i t ( b e s t i n p e r c e n t a g e i d l e t ime) w i l l be 
c o n s i d e r e d . Th i s i s t h e 1 - c y c l e f i t £ ( K , L ) ^ f o r which the 
p e r c e n t a g e I . T . i s - | Q = 1 7 % . 
D e c i s i o n I t e r a t i o n 3 : A s s i g n t a s k ( K , L ) to a c o n v e n t i o n a l 
s t a t i o n . 
S t a t i o n s a s s i g n e d so f a r : 5 I . T . incurred so f a r : 1 0 
I t e r a t i o n 4 
The b e s t 1 - c y c l e f i t i s |(M,N ) jwi th I . T . = 5 . I t i s not 
a c c e p t a b l e . 
The b e s t 2 - c y c l e f i t i s £ ( M , N ) , F , G J w i t h I . T . = 6 0 - 2 5 - 1 2 
5 = 1 8 . 
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I t i s not a c c e p t a b l e . 
The o n l y 3 - c y c l e f i t I s ( F , (M,N) , ( I , J . O ^ w i t h I . T . - 90 - 12 -
25 - 51 = 2 . I t i s a c c e p t a b l e . 
The precedence r e l a t i o n s : 
. 25 51 
( M , N J H I , J , 0 ) 
No d i s t r i b u t i o n of the f i t i s p o s s i b l e . 
The f i t i s to be arranged i n 3 - c y c l e p a r a l l e l i n g o p t i o n s . In any 
of t h e s e o p t i o n s , t a s k F (performed on t h e s e a t ) must be p e r ­
formed w i t h a t a s k i n v o l v i n g the l e g sub-assembly i n a t l e a s t 
one s t a t i o n . I t i s p r e f e r a b l e to avo id t h i s . The a c c e p t a b l e 
3 - c y c l e f i t w i l l be t r e a t e d as i n f e a s i b l e . 
The b e s t 4 - c y c l e f i t i s £ F , G , (M,N) , ( I , J , 0) , (P,Q)1j w i t h I . T . = 
120 - 12 - 5 - 2 5 - 51 - 26 = 1. I t i s a c c e p t a b l e . 
Precedence r e l a t i o n s : 
-vL2 s €> •© 
t .25 , .51 , 26 
( M,N ) H I , J , 0 ) — K E S Z ) 
No d i s t r i b u t i o n i s p o s s i b l e for t h i s 4 - c y c l e f i t . 
I t i s p r e f e r a b l e to avo id 4 - c y c l e p a r a l l e l i n g o p t i o n s arranged 
from t h i s f i t f o r r e a s o n s s i m i l a r to t h o s e concern ing the p r e ­
v i o u s a c c e p t a b l e 3 - c y c l e f i t . So, t h i s f i t w i l l be t r e a t e d 
as i n f e a s i b l e . 
c o n s i d e r i n g o t h e r 4 - c y c l e f i t s , the on ly one found i s 
[ F , G , ( M , N ) , ( I , J , 0 ) , U ^ w i t h I . T . = 120 - 12 - 5 - 25 - 51 - 11 = 
16 . I t i s not a c c e p t a b l e . 
The b e s t n o n - a c c e p t a b l e f i t w i l l be c o n s i d e r e d : 
93 
for the b e s t 1 - c y c l e f i t %I.T. = = 17% 
10 
for t h e b e s t 2 - c y c l e f i t %I.T. = ~TK = 30% 
t h e o n l y 3 - c y c l e f i t found was c o n s i d e r e d i n f e a s i b l e 
for the b e s t 4 - c y c l e f i t %I.T. = 16 120 = 13% 
The 4 - c y c l e f i t i s the b e s t . The precedence r e l a t i o n s a r e : 
25 w 51 11 
( M,N J K, I , J , 0 ) ^ U ) 
There e x i s t s a c - 2 c - c d i s t r i t u t i o n which i n v o l v e s a s e a t - l e g 
c o n v e n t i o n a l s t a t i o n w i th tasksF ,G and U be ing performed. 
This combinat ion i s not as u n d e s i r a b l e as o t h e r s i n p r e v i o u s 
c a s e s , n e v e r t h e l e s s , i n order to be c o n s i s t e n t w i t h the 
approach t a k e n , t h i s d i s t r i b u t i o n w i l l be a v o i d e d . 
A c - 3 c d i s t r i b u t i o n e x i s t s i n which t h i s problem does not 
a r i s e . I t i s |J,G^ - { ( M , N ) , ( I , J , 0 ) , U ^ . Cons ider ing f e a s i b l e 
4 - c y c l e o p t i o n s from t h i s d i s t r i b u t i o n : 
Option 1 
F,G |-
FG 
1 /3 R (M,N) , ( I ,J ,0 ) ,u ] 
1 /3 C (M,N), (I ,J ,0) ,U] 
MNIJOU 
^ H 1 / 3 C(M,N), ( 1 , 1 , 0 ) ,113• 
Option 2 
FG 
( M , N ) , 1 / 1 2 ( 1 , J , 0 ) 
MN 
7 / 1 2 ( 1 , J , 0 ) 
4 / 1 2 ( 1 , J , 0 ) , U 
MNIJO 
MNIJOU 
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S c r e e n i n g : Low c o s t of f a c i l i t i e s and equal wages for each t a s k 
make Option 1 p r e f e r a b l e t o Option 2 and t o o t h e r o p t i o n s i n v o l v i n g 
c o m p l e x i t i e s i n b u f f e r s t o c k s , s u p e r v i s i o n and m a t e r i a l f low. 
D e c i s i o n I t e r a t i o n 4 : A s s i g n | F , G , ( M , N ) , ( I , J , 0 ) , u j t o 
Option 1 shown above . 
S t a t i o n s a s s i g n e d so f a r : 9 I . T . i n c u r r e d so f a r : 26 
Table 11 shows the KWP t a b l e a f t e r I t e r a t i o n 4 . 
e r a t i o n 5 
The o n l y 1 - c y c l e f i t found i s { ( p . Q ) ^ w i t h I . T . = 4 . I t i s not 
a c c e p t a b l e . 
The o n l y 2 - c y c l e f i t i s £ (P ,Q) ,R^ w i t h I . T . = 60 - 26 - 14 = 20 . 
I t i s no t a - c e p t a b l e . 
A 3 - c y c l e f i t i s j ( P , Q ) , R , S , w i t h I . T . = 90 - 26 - 14 - 26 -
15 = 9 . 
I t i s a c c e p t a b l e . No o t h e r a c c e p t a b l e 3 - c y c l e f i t i s found. 
The p r e c e d e n c e r e l a t i o n s for the a c c e p t a b l e f i t a r e : 
26 14 26 15 
( S D — < H > — • © — • © 
D i s t r i b u t i o n p a t t e r n s : 
c - c - c i s not p o s s i b l e t o o b t a i n a d i s t r i b u t i o n 
2 c - c i s not p o s s i b l e t o o b t a i n a d i s t r i b u t i o n 
c - 2 c a d i s t r i b u t i o n e x i s t s 
The d i s t r i b u t i o n f o r t h e c - 2 c p a t t e r n i s £(P,Q)^ - ^R,S,V^. I t 
i s t h e dominant d i s t r i b u t i o n . I t l e a d s to an arrangement of 
t a s k (P,Q) i n a c o n v e n t i o n a l s t a t i o n and of |^R,S,v"^ i n a 
Table 1 1 . The KWP Table f o r the Windsor Chair A f t e r I t e r a t i o n 4 
Column 
N. Legs 
Task 
Other Seat 
Task 
Times Remarks 
I 
Zl 
(A,B) 
J r O " —XI 
I I 
| M _ N Y , 
^ T T I ^ ^ I ^^^^ aau 
(C,D) 
I I I 
-(£-,J-,G). -
(K.L) 
— — — E M — 
IV 
CM-N) 
u 
F 
— -43— — X- 1 
V 
( I . J . O ) 
G 
VI (P,Q) 
u 
26 
J - * - * - x 
VII R 14 
VIII CO 26 
IX V 15 
X Y 24 
XI (W,T,H) 90 
XII X 25 
X I I I (Z2,Z3) 17 
96 
2 - c y c l e p a r a l l e l i n g o p t i o n -
C o n s t r u c t i n g f e a s i b l e o p t i o n s : 
Option 1 
(P,Q) 
1 /2 R,S,V 
1/2 R,S,V 
PQRSV 
Option 2 
(P,Q) 
PQ 
R, l /2 (S)hPQRS 
/ 2 ( S ) , V PQRSV 
S c r e e n i n g : D u p l i c a t i n g V i s r e l a t i v e l y e x p e n s i v e (approx imate ly 
$ 4 0 0 ) . I t i s not c l e a r which o p t i o n i s the most c o n v e n i e n t . 
Note t h a t f o r Option 1 s h a r i n g of t h e equipment f o r V, r a t h e r 
than d u p l i c a t i n g t h e equipment, i s a r e a l a l t e r n a t i v e . The 
c o s t s of doing t h i s would need to be a s s e s s e d ( In the KWP no 
such a l t e r n a t i v e s are e x p l i c i t e l y i n c o r p o r a t e d . This may be an 
o b j e c t i v e for f u t u r e r e s e a r c h ) . The f i n a l d e c i s i o n of which o p ­
t i o n t o choose w i l l not be reached h e r e . 
D e c i s i o n I t e r a t i o n 5: A s s i g n J(P,Q),R,S,V^ t o Option 1 
Option 2 . 
S t a t i o n s so far a s s i g n e d : 12 I . T . i n c u r r e d so f a r : 35 
or 
I t e r a t i o n 6 
A 4 - c y c l e f i t i s the f i r s t a c c e p t a b l e f i t o b t a i n e d . 
{Y,(W,T,H)1J w i t h I.T. = 120 - 24 - 90 = 6. 
A c - 3 c d i s t r i b u t i o n i s o b t a i n e d : {Ŷ  - £(W,T,H)^ . 
(W,T,H) i s arranged i n t h r e e p a r a l l e l s t a t i o n s : 
I t i s 
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/ - • | 1 / 3 ( W , T , H ) | v 
/ , \ YWTH 
m * 1/3(W,T,H) 
N ^ - J l / 3 ( W , T , H ) I / 
D e c i s i o n I t e r a t i o n 6: A s s i g n | Y , ( W , T , H ) ^ t o t h e 4 - c y c l e o p t i o n 
shown above . 
S t a t i o n s a s s i g n e d so f a r : 16 I . T . incurred so f a r : 41 
I t e r a t i o n 7 
The o n l y 1 - c y c l e f i t i s ^X^ w i t h I . T . = 5. I t i s not a c c e p t a b l e . 
The o n l y 2 - c y c l e f i t i s £ x , (Z2,Z3)^ w i t h I . T . = 60 - 25 - 17 = 
18 . I t i s not a c c e p t a b l e . 
No o t h e r t a s k s are a v a i l a b l e . The 1 - c y c l e f i t i s t h e b e s t of the 
two f i t s . 
D e c i s i o n I t e r a t i o n 7: A s s i g n t a s k X to a c o n v e n t i o n a l s t a t i o n 
S t a t i o n s a s s i g n e d so f a r : 17 I . T . incurred so f a r : 46 
I t e r a t i o n 8 
The o n l y t a s k remaining i s ( Z 2 , Z 3 ) . 
D e c i s i o n I t e r a t i o n 8: A s s i g n (Z2,Z3) t o a c o n v e n t i o n a l s t a t i o n . 
T o t a l s t a t i o n s a s s i g n e d : 18 T o t a l I . T . i n c u r r e d : 59 
The t a r g e t of 18 s t a t i o n s have been a c h i e v e d . 
F i g u r e 17 shows the s o l u t i o n o b t a i n e d . 
I f a t I t e r a t i o n 3 , a 4 - c y c l e p a r a l l e l i n g o p t i o n i n v o l v i n g t a s k s 
£ ( K , L ) , ( M , N ) , ( I , J , 0 ) , F , G * ^ had been arranged as f e a s i b l e , a b a l a n c e of 
18 s t a t i o n s would have been o b t a i n e d . Such b a l a n c e was a c t u a l l y deve loped , 
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Figure 17 . E i g h t e e n S t a t i o n s for t h e Windsor Chair . 
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CHAPTER VII 
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 
Summary 
Line b a l a n c i n g procedures t o d a t e are not adequate for many un­
paced l i n e s because of t h e u n r e a l i s t i c r e s t r i c t i o n s imposed by the 
p r o c e d u r e s . This t h e s i s a t t e m p t s a more r e a l i s t i c c o n c e p t u a l i z a t i o n 
of l i n e b a l a n c i n g a l l o w i n g f o r d u p l i c a t i o n of f a c i l i t i e s ( p a r a l l e l i n g ) . 
In Chapter I I I a t e r m i n o l o g y and symbology r e l a t e d to p a r a l l e l ­
ing was d e v e l o p e d . A l s o i n t h a t Chapter new c o n c e p t s were in troduced 
and some p r i n c i p l e s were proposed to l i m i t and guide the search for 
p r a c t i c a l o p t i o n s i n v o l v i n g p a r a l l e l i n g . In Chapter IV the c o s t s of 
p a r a l l e l i n g were d i s c u s s e d and a h e u r i s t i c r u l e , a s c r e e n i n g approach, 
and c o s t methods were proposed for use i n s e l e c t i n g one f i n a l o p t i o n 
from a group of "s imple" f e a s i b l e arrangements of a s e t of t a s k s i n a 
c e r t a i n number of s t a t i o n s . In Chapter V a h e u r i s t i c method f o r l i n e 
b a l a n c i n g w i t h p a r a l l e l i n g was proposed , which i s based on the h e u r i s t i c 
d e v e l o p e d by K i l b r i d g e and Wester t o s e l e c t the t a s k s a v a i l a b l e for 
a s s i g n m e n t . The method was p r e s e n t e d i n a f low diagram, w i t h accompany­
i n g e x p l a n a t i o n s , and i t was a p p l i e d to an h y p o t h e t i c a l precedence 
diagram. The o b j e c t i v e of the new method i s to o b t a i n a b a l a n c e w i th 
at most a c e r t a i n number of s t a t i o n s w h i l e t e n d i n g to minimize c o s t s , 
and a l l o w i n g f o r p a r a l l e l i n g . In Chapter VI the method was a p p l i e d to 
a r e a l c a s e , the assembly of a c h a i r . 
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C o n c l u s i o n s 
From the a p p l i c a t i o n of t h e KWP t o the Windsor c h a i r example , 
the f o l l o w i n g c o n c l u s i o n s r e s u l t : 
1 . A b a l a n c e c o n s i s t i n g of no more than the t a r g e t maximum 
number of s t a t i o n s was o b t a i n e d . 
2 . E i g h t e e n s t a t i o n s were o b t a i n e d , t w e l v e of which are non-
c o n v e n t i o n a l . Most o f t h e n o n - c o n v e n t i o n a l s t a t i o n s are 
n e c e s s a r y anyway, because of t h e e x i s t e n c e of t a s k s l o n g e r 
than the c y c l e t i m e . 
3 . The "s imple p a r a l l e l i n g o p t i o n s " p r e s e n t e d i n Chapter I I I 
were s u c c e s s f u l l y used to g e n e r a t e l o g i c a l p a r a l l e l i n g 
a l t e r n a t i v e s a t each i t e r a t i o n of the KWP. 
4 . In most i t e r a t i o n s of the example , the f i n a l s e l e c t i o n of 
an o p t i o n from t h o s e c o n s i d e r e d f e a s i b l e was made by c o s t 
s c r e e n i n g r a t h e r than more complex c o s t a n a l y s e s . 
5 . Unprogrammed judgmenta l d e c i s i o n s are sometimes n e c e s s a r y 
w i t h i n t h e c o n t e x t of t h e KWP when d e a l i n g w i t h a r e a l 
problem. The u n d e s i r a b i l i t y of a s s i g n i n g a s p e c i f i c " a c c e p t ­
a b l e " ( a c c e p t a b l e a c c o r d i n g t o the i d l e t ime c r i t e r i o n ) 
N - c y c l e f i t t o N s t a t i o n s r e p r e s e n t s one such s i t u a t i o n . 
6 . The h e u r i s t i c column r u l e used i n the KWP t o s e a r c h for 
N - c y c l e f i t s i s n o t v e r y advantageous i n c a s e s such as the 
Windsor c h a i r , where t h e precedence diagram i s r e l a t i v e l y 
i n f l e x i b l e w i t h few t a s k s a t each column and w i t h t a s k s for 
two d i f f e r e n t s u b - a s s e m b l i e s s i t u a t e d i n the same co lumns . 
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7. I t would be u s e f u l t o e n l a r g e the KWP so t h a t i t would 
s y s t e m a t i c a l l y c o n s i d e r a l t e r n a t i v e s i n which a f a c i l i t y 
would be shared by two or more w o r k e r s . Sharing i s a r e a l 
a l t e r n a t i v e i n some c a s e s where t h e f a c i l i t y i s e x p e n s i v e to 
d u p l i c a t e . 
8 . When two or more d i f f e r e n t p a r t s (or s u b a s s e m b l i e s ) of one 
f i n a l u n i t are f l o w i n g i n or out of a s t a t i o n , care should 
be taken t o ensure t h a t the o p t i o n s are w e l l d e p i c t e d . As 
e x p l a i n e d i n Chapter I I I , the arrows r e p r e s e n t u n i t s a t a 
g i v e n s t a g e of p r o d u c t i o n e n t e r i n g and l e a v i n g a s t a t i o n 
and n o t d i f f e r e n t p a r t s of a u n i t e n t e r i n g or l e a v i n g a 
s t a t i o n . 
9 . The KWP i s n o t s imple t o a p p l y . I t r e q u i r e s : 
a . Comprehension of s e v e r a l new c o n c e p t s and p r i n c i p l e s . 
b . Exper ience and knowledge n e c e s s a r y t o make c o s t com­
p a r i s o n s among o p t i o n s . 
c . D i s c i p l i n e and p a t i e n c e n e c e s s a r y to f o l l o w t h e r a t h e r 
complex s t e p - b y - s t e p procedure , and some c r e a t i v i t y to 
i d e n t i f y o p t i o n s . 
1 0 . Two very s i m i l a r problems may vary c o n s i d e r a b l y i n the r e s u l t s 
o b t a i n e d and e f f o r t needed to apply t h e KWP. This was the 
c a s e w i t h the Windsor c h a i r example . The same precedence 
diagram w i t h two changes was ba lanced f o r the same c y c l e t ime 
u s i n g the KWP. Even though 18 s t a t i o n s were o b t a i n e d , e i g h t 
o f them were d i f f e r e n t from t h o s e o b t a i n e d f o r the precedence 
diagram shown i n Chapter VI. A l s o , t h e procedure worked more 
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smoothly ( l e s s e f f o r t ) for t h e "two change v e r s i o n " of the 
precedence diagram. 
11. F i n a l l y , f o r a p a r t i c u l a r problem the KWP could be a p p l i e d 
s e v e r a l t i m e s , each t ime for a maximum a l l o w a b l e number of 
s t a t i o n s . Forward and r e v e r s e b a l a n c i n g for each c a s e i s 
a l s o p o s s i b l e . 
Recommendations 
Some t o p i c s recommended f o r f u t u r e r e s e a r c h are as f o l l o w s : 
1 . In t h i s t h e s i s an enlargement of the K i l b r i d g e and Wester 
h e u r i s t i c method was proposed f o r l i n e b a l a n c i n g w i t h 
p a r a l l e l i n g . An o b j e c t i v e of f u t u r e r e s e a r c h would be t o 
i n c o r p o r a t e t h e g e n e r a l c o n c e p t s deve loped h e r e ( e . g . , s imple 
p a r a l l e l i n g o p t i o n s , N - c y c l e f i t , d i s t r i b u t i o n of an N - c y c l e 
f i t ) i n o t h e r methods for l i n e b a l a n c i n g w i t h p a r a l l e l i n g . 
2 . In the KWP, i t may be u s e f u l t o c o n s i d e r hav ing a f l e x i b l e 
" a c c e p t a b l e f i t c r i t e r i o n . " At any i t e r a t i o n , i f the I . T . 
b e i n g c a r r i e d from p r e v i o u s l y a s s i g n e d s t a t i o n s i s l e s s than 
a c e r t a i n v a l u e (which would be a f u n c t i o n of the number of 
s t a t i o n s a s s i g n e d ) , the " a c c e p t a b l e f i t c r i t e r i o n " may be 
r e l a x e d i n some way, a l l o w i n g in that iteration for a c c e p t ­
a b l e f i t s w i t h a p e r c e n t I .T l a r g e r than a l l owed by the 
i n i t i a l c r i t e r i o n . This would reduce t h e tendency for 
p a r a l l e l i n g when i t i s n o t as n e c e s s a r y to p a r a l l e l t o a c h i e v e 
the maximum a l l o w a b l e number of s t a t i o n s . 
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3 . Another a r e a for f u t u r e r e s e a r c h would be the d e s i g n of 
computer programs for l i n e b a l a n c i n g w i t h KWP. I n t e r ­
a c t i v e sy s t ems seem t o be most a p p r o p r i a t e for t h i s . 
4 . Enlargement of the KWP w i t h s y s t e m a t i c c o n s i d e r a t i o n of 
f a c i l i t y s h a r i n g a l t e r n a t i v e s ( s e e Conc lus ion 7 ) . 
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APPENDIX 
t l n 
i n t — x c + t ime remaining >_ t long 
a t s t a t i o n 
t h e n , the l o n g task i s c o n s i d e r e d a v a i l a b l e for ass ignment a t t h a t s t a ­
t i o n . N - c y c l e f i t s , i n c l u d i n g t - , are c o n s i d e r e d . N should be the 
° long 
minimum n e c e s s a r y t o accommodate t , i n t h e f i t . This makes N = 
long 
long ._ long . . l ong . _ . —— a-, i f — i s an i n t e g e r , or N = i n t a + 1 o t h e r w i s e . c c & c 
An i n i t i a l c r i t e r i o n of a c c e p t a b l e f i t s i s s t a t e d ( 1 0 % I . T . ) . 
Only a c c e p t a b l e 1 - c y c l e f i t s are s o u g h t , e x c e p t when a long ta sk becomes 
a v a i l a b l e . 
Cost M O t l S U T T G 
I f the problem i s r e a l , o r d i n a l comparisons and min. — 
i 
would s e l e c t a f i n a l o p t i o n among t h e a c c e p t a b l e f i t s . I f no a c c e p t a b l e 
THE KILBRIDGE AND WESTER METHOD ENLARGED 
WITH COMSOAL'S HEURISTIC FOR TASKS 
LONGER THAN THE CYCLE TIME 
In order t o o b t a i n an i n i t i a l s o l u t i o n for problems c o n t a i n i n g 
t a s k s l onger than the c y c l e t i m e , the K-W method was e n l a r g e d w i th 
Comsoal 's h e u r i s t i c s . 
In t h i s en larged method the K-W r u l e s and p r o p e r t i e s are a p p l i e d 
at each i t e r a t i o n w h i l e s e a r c h i n g for 1 - c y c l e f i t s . When a long ta sk 
becomes a v a i l a b l e f o r ass ignment and 
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f i t i s found, the b e s t f i t i s s e l e c t e d . 
In the h y p o t h e t i c a l example of Chapter V w i t h no c o s t d a t a , the 
b e s t f i t i n I . T . was a lways c h o s e n . 
Any a s s i g n e d f i t i n v o l v i n g t a s k s l on ger than the c y c l e t ime i s 
arranged i n p a r a l l e l s t a t i o n s . 
For f u r t h e r r e f e r e n c e about Comsoal 's h e u r i s t i c s e e ^ . 
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